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1.1 Motivation and Objectives 
Nanomaterials have attracted considerable attention during the past decades due to their 
unique and fascinating properties. However, this class of materials is not an invention of 
modern age. People have been using nanomaterials for centuries, although unwittingly. 
Probably the most famous example for the usage of nanomaterials in ancient times is the 
Lycurgus Cup, a Roman glass cage cup created in the 4th century.1 Depending on the 
illumination conditions, the colour of its glass changes from green to ruby. The reason for its 
dichroism is the presence of gold and silver nanoparticles in the glass, originating from 
small amounts of gold and silver in the molten glass during the fabrication.2 The same effect 
was used in medieval times for manufacturing colourful window glasses for churches. 
During the renaissance, luxuriant decorated pottery was manufactured using the lustre 
technique. The metallic reflections and iridescence of the lustre results from copper and 
silver nanoparticles, opacified in the most cases with cassiterite (SnO2) particles.3 Thought, 
artisans were not the only people using nanomaterials. Until the 17th century, swords from 
Damascus steel were famous for their impressive strength, long-lasting sharp edges and 
shatter resistance. The reason for their outstanding properties was the composition of the 
blade, including oriented wire and tube-like nanostructures.4 As an industrial application, 
carbon black nanoparticles have been used as reinforcing additives for tires for nearly 100 
years.  
The foundation for the development of the field of nanotechnology was laid by the speech 
of Feynman “There is plenty of room at the bottom” in 1959, in which he spoke about the 
principles of miniaturisation as low as to the atomic level. The term “nanotechnology” itself 
was first introduced by Taniguchi 1974, whereas first attempts towards the synthesis of 
semiconductor nanomaterials were done by Ekimov,5 Gra tzel,6 Henglein7 as well as Rosetti 
and Brus8 in the early 1980s. In 1982, Efros and Efros9 developed an idealised model to study 
the light absorption in semiconductor spheres. Postulating that the quantum size effect 
could be used to control the colour of the crystallites by changing their size or 
stoichiometry, they laid the foundation for the research on semiconductor quantum dots 
(QDs). Today, modern nanotechnology made it its business to purposefully develop and 
synthesise nanomaterials as well as to face their applications in various fields, such as 
microelectronics, catalysis or biomedicine.  
However, the term “nanomaterials” does not solely involve the nanoparticulate units itself, 
but also their arrangement into two- or three-dimensional structures. Thereby, the 
maintenance of the nanoscale properties is one of the main challenges.  
The aim of this work was to synthesise fluorescent QDs and to arrange them into 
macroscale structures in terms of non-ordered porous superstructures while preserving 
their optical properties. General information on Cd-based and Cd-free QDs as well as 
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macroscale arrangements will be given in CHAPTER 1 of this thesis. CHAPTER 2 will address the 
synthesis of the nanoparticle building units, i.e. CdSe/CdS or CdSe/CdS/ZnS as represent-
atives for Cd-based QDs and InP/GaP/ZnS as a Cd-free alternative as well as spherical or 
rod-shaped Au NPs. The necessity of a dielectric coating of the QDs prior to gel formation, 
realised by silica encapsulation, will be explained and experimental details will be given. 
Furthermore, the development of a novel tetrazole ligand, specially designed to bind to the 
silica surface, will be presented. CHAPTER 3 will deal with the 3D assembly of silica coated 
QDs into non-ordered, porous structures, so-called hydro- and aerogels. The development of 
the optical properties during the gel formation will be discussed. In addition, the 
applicability of the gelation procedure for other QD species as well as mixed gel formation 
from different QD species and QDs/Au is demonstrated. Efforts on the adaption of the 
synthetic procedure for Cd-free QDs will be presented as well. The production of 2D or 
pseudo 3D assemblies in form of thin, porous films and their benefit for thin-film device 
applications will be discussed in CHAPTER 4. 
1.2 Quantum Dots 
QDs are nanocrystals, usually from semiconductor materials, which exhibit interesting 
quantum mechanical properties due to their small size. In these nanocrystals, the charge 
carriers, i.e. electron-hole pairs or so-called “excitons”, are confined in all three spatial 
dimensions. Thus, their energies do not exhibit continuous but discrete values. The 
electronic properties of this class of materials lie between the macroscopic expanded bulk 
and molecules and are strongly dependent on the nanocrystal size. Consequently, the optical 
properties of QDs referring to the nanocrystal band gap underlie the size dependence as 
well. In 1986, Brus formulated the mathematical term for the band gap energy EQD as a 
function of nanocrystal radius r, today known as the Brus-equation:10 
 
𝐸𝑄𝐷 = 𝐸𝑔 +
ℎ2
8𝑚𝑒𝑟2
(
1
𝑚𝑒
∗ +
1
𝑚ℎ
∗ ) −
1,8𝑒2
4𝜋𝜀𝜀0𝑟
 (1.1) 
 
Where Eg is the band gap energy of the bulk material, h is the Planck constant, me is the 
electron mass, me
∗  and mh
∗  are the effective masses of the electron and the hole, e is the 
elementary charge, ε is the relative permittivity and ε0 the vacuum permittivity. The 
equation allows the calculation of EQD starting from Eg, considering the repulsive impact of 
exciton formation in the quantum mechanical term and the attraction of the charge carriers 
by the coulomb term. 
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According to this formulation, the larger the QD, the smaller its band gap energy. Or 
conversely, smaller QDs possess a higher band gap energy. A photon with a certain energy 
EP can be absorbed if its energy is exceeding the band gap energy of the QD, i.e. EP > EQD. 
Hence, larger QDs are allowed to absorb photons with lower energy than smaller QDs. Upon 
absorption of a photon, an exciton is generated by the elevation of an electron from the 
valence band into the conduction band. This excited electron can relax radiatively to the 
ground state by emitting a photon. The energy of the emitted photon is thereby equal to the 
difference of the band gap energy of the QD, and the stokes shift and thus a function of QD 
size as well. Accordingly, using QDs of one material, it is possible to redshift the colour of the 
emitted photons with increasing particle size.  
The emission spectrum of QDs is typically very narrow with full widths at half-maximum 
(FWHM) of about 15 - 40 nm, owing to their defined and discrete electronic structure. The 
observed peak broadening is mainly the result of the particle size distribution. Furthermore, 
QDs possess a high extinction coefficient and, when dealing with core/shell QDs, great 
stability against photobleaching and high photoluminescence intensity and lifetime. 
These properties make them a promising class of materials in various fields, where they 
provide an alternative to traditional organic luminophores. The latter often lack in photo-
stability and have only a narrow absorption spectrum hindering efficient simultaneous 
multi-colour excitation. Promising application fields for QDs are for example:11-13 
(i.) Light emitting devices (LEDs): QDs may be used for the fabrication of LEDs for room 
lighting or displays. The so-called quantum dot LEDs or QLEDs possess the ideal 
qualifications, referring to properties such as high efficiency and excellent colour 
rendering.14 For this purpose, the QDs are either used as a colour conversion layer on a 
conventional LED chip or for the preparation of a LED device itself. The latter benefits from 
the solution processability of QDs, allowing wet processing techniques, i.e. contact printing. 
 (ii.) Optical sensors: As the optical properties of QDs are very sensitive to changes of their 
surface, the interaction with certain analyte molecules leads to detectable changes. 
Moreover, the high brightness and narrow emission allow for high analytical sensitivity and 
less cross-talk.15 Thus, their usage as chemical sensor or biomarker for biomedical 
diagnostics as well as imaging sensor for electronic devices16 is conceivable. 
(iii.) Photocatalysis: QDs may be used to enhance the photocatalytic activity of QD-based 
photocatalysts, which can be applied for water splitting or the oxidation of organic 
pollutants. First attempts have been made by using Cd-based QDs as photosensitizer on a 
catalytic active large band gap material such as titania. The light induced excited electrons 
are effectively injected into the titania in these architectures, due to the appropriate band 
alignment and high light absorption by the QDs.17 
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(iv.) Photovoltaics: Similar to the previous field is the application of QDs in photovoltaic 
devices to increase the efficiency. The maximum efficiency of conventional solar cells is 
limited to about 30%.18 In injection solar cells, QDs may be applied due to their high 
extinction coefficient, tuneable band gap and possibility of multiple exciton generation upon 
absorption of a single photon.19 The generated charge carriers can be collected by a 
conductive electrode in order to gain the photocurrent. 
1.3 Cadmium-free Quantum Dots 
II-VI semiconductor QDs based on Cd have been the most investigated QD material for years 
due to their excellent optical properties referring to high PL QYs near unity,20 photostability 
and tunability of the emission wavelength over the entire visible spectrum. But besides 
these various favourable properties, one of the main disadvantages of these materials is the 
heavy metal compound cadmium. Due to the harmful impact and the cytotoxic potential of 
heavy metals, their use in household goods or consumer goods has been restricted in many 
regions of the world. The European Commission for example has therefore implemented 
several directives (EG) including the restriction of cadmium in accumulators 2006/66/EG or 
heavy metals in food 2001/466/EG and lighting equipment 2011/65/EU. Therefore, the usage 
of Cd-based QDs may not have a promising future. Detailed investigations in aqueous and 
biological media have revealed that oxidation through a variety of pathways leads to the 
formation of Cd2+ on the nanocrystal surface which can be released to the surrounding 
media. The concentration of released Cd2+ was found to be directly correlated to the 
cytotoxic effect. Although appropriate shell coatings, such as ZnS, additional organic ligand 
shells or inorganic silica or polymer shells21-23 significantly reduced the heavy metal ion 
release in some cases, a complete inhibition cannot be guaranteed. 
The development of appropriate Cd-free alternatives is therefore essential. The new 
materials must meet the standards of their Cd-based references. NCs, such as ZnO, carbon 
dots or indirect band gap semiconductors impose with non-toxic behaviour and wide 
abundance, but they do not represent an alternative for Cd-based QDs due to their low PL 
QY.24 The following classes are therefore considered as suitable alternatives: III-V (e.g. InP), 
I-III-VI2 compounds (e.g. CuInS2, CuInSe2) or doped II-VI semiconductor NCs (e.g. Mn2+ doped 
ZnS or ZnSe). Setting the stage for this class of materials, a number of difficulties require 
further research and development. Synthetic procedures, such as nanocrystal preparation, 
ligand exchanges or incorporation techniques, and processing techniques optimised for Cd-
based QDs have to be adapted, due to the different surface chemistry and bonding strength. 
Thus, changes with respect to altered solubility, impact of surface ligands and stability 
require for modified or new approaches. For example, the bonding of III-V semiconductors 
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and their precursors is more covalent compared to the rather ionic bonding of their II-VI 
analogues.25 Therefore, the separation of nucleation and growth is more difficult and 
requires higher reaction temperatures and prolonged reaction times. In fact, these 
conditions propagate Ostwald ripening, leading to a broader particle size distribution and 
FWHM. Modified synthetic procedures or highly reactive precursors have to be found 
consequently. 
So far, progresses in the synthesis of Cd-free QDs26, 27 with QY comparable to Cd-based QDs 
have been made and practical application in light conversion28 or biological media29 has 
been demonstrated.  
A promising material for the replacement of Cd-based QDs is the III-V semiconductor InP. 
Comparable to Cd-based QDs, these QDs show a broadband emission spectrum, but 
demonstrate poor PL QYs and weak photo- and chemical stability. Great efforts have been 
made on the improvements of this matter by appropriate surface capping, including ZnS, 
ZnSe or ZnSSe. As the most promising solution, a type-I structured InP/GaP/ZnS 
core/shell/shell system with PL QYs up to 85% and good photostability was demonstrated 
in 2012.26  
While possessing comparable optical properties by now, the in-vitro and in-vivo toxicity of 
InP-based QDs is much lower as compared to Cd-containing QDs. This was carefully 
investigated by Brunetti et al. in 2013 by a direct comparison of the toxicity of InP/ZnS and 
CdSe/ZnS particles in cells and animals.30 Both QD species were adjusted to have similar 
properties known to affect cellular responses, i.e. size and size distributions, inorganic shell 
and surface chemistry in tense of ligand shell and surface charge. It was found that 
comparable ion leaching and cell uptake take place in in-vitro cultures. However, the 
damage caused by InP QDs was greatly reduced to about 30% of the toxicity of CdSe QDs in 
in-vivo necrosis tests. InP-based QDs as an environmentally friendly alternative to Cd-based 
QDs are therefore a relevant material for further research.  
1.4 Macroscale Assembly  
The combination of nanoscale materials with the macroscale dimensions is an important 
issue considering the usage of nanomaterials for industrial applications. The demand on the 
resulting macroscale material is to maintain the nanomaterial’s properties. On the other 
hand, new interesting collective properties of closely packed nanoparticles (NPs) might 
develop, opening opportunities for potentially novel applications. In macroscale assemblies, 
the spacing between the NPs can vary from close contact to tens of A , depending on the 
organic surface capping or other spacers. Therefore, interesting effects, resulting from the 
coupling of NPs of the same species or between different types such as semiconductor QDs 
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and metal NPs, can be explored, assuming precise control over NP size, shape, composition 
and surface capping.  
Colloidal QD dispersions in organic or aqueous solvents can be processed with wet 
chemistry techniques, e.g. contact-printing, drop-casting, spin-coating or dip-coating. But 
this way, merely two-dimensional arrangements, e.g. sheets on glasses, polymer foils or 
similar rigid or flexible substrates, are accessible. Three-dimensional structures can hardly 
be produced this way. Some applications require a processable, solid material, which can be 
manipulated or adapted in size and shape. The arrangement of QDs into three-dimensional 
structures is therefore an important part of nanoscience research. 
Different approaches for the preparation of macroscale NP-based structures have been 
taken into account. Starting from NP powders, one strategy is to press these powders to 
macroscopic pellets by the use of the spark plasma sintering (SPS) technique. This method 
allows gentle pellet pressing in terms of short sintering time and low temperature without 
increasing the grain size of the nanocrystalline material. Among others, SPS has been 
demonstrated to improve the thermal conductivity of thermoelectric materials while 
providing electrical conductivities comparable to the corresponding bulk material.31 
Another approach deals with the incorporation of NPs into macroscale matrices, such as 
polymer, silica as well as other metal oxides or ionic salts. The resulting composites 
combine the desirable properties of the NPs with the specific properties of the particular 
matrix, i.e. high flexibility in the case of polymers or transparency in the case of silica. An 
important aspect hereby is the homogeneous distribution of the NPs in the matrix. To 
ensure the maintenance of the NP properties, aggregation during the incorporation 
procedure should be avoided. Appropriate tailoring of the processing techniques is 
required. Positive effects, such as photostability, heat resistance and protection against the 
surrounding media can be observed many times as a side effect in composites. For example, 
QDs embedded in polymers possess a good processability due to their flexibility and show 
improved stability against photo-oxidation.32 However, their relatively high oxygen diffusion 
coefficients hinder a long-time stability of the QDs. Furthermore, the matrix itself has a 
limited stability under harsh conditions such as UV light irradiation or high temperatures, 
what has been a matter of intensive research for years.33  
With respect to this, a dense inorganic matrix might provide higher stability for the 
incorporated QDs and the whole composite. For example, the encapsulation of QDs in ionic 
salts such as NaCl has been demonstrated to generate highly fluorescent QD-salt composites 
with superior photochemical stability.34 The promising application in the field of solid state 
lighting in terms of colour conversion materials has been pointed out convincingly.  
An alternative route for the arrangement of NPs without the assistance of a host matrix is 
the NP assembly. One of the first NP assemblies was reported by Bentzon et al.35 Based on 
the self-organisation principle, they prepared closely packed superlattices and glassy solids 
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from monodisperse iron oxide nanoparticles. The self-assembly (static) or self-organisation 
(dynamic) principle, that can also be found in many natural structures, has been intensively 
investigated as a straightforward alternative to template methods. Templates may have a 
considerable effect on the optical or electronic properties of the NP assembly. Furthermore, 
self-assembly in comparison to template-assisted assembly does not require a post-
synthetic physical or chemical treatment, which may cause morphological or structural 
change of the NPs or NP assembly.36 The driving forces for the assembly of NCs are particle 
interactions such as electrostatic or dipole-dipole interactions, steric repulsion or van-der-
Waals attraction. Regarding QDs as building block units, different types of spontaneously 
self-assembled arrangements are possible: 
One-dimensional (1D) self-assemblies: Elongated structures, such as nanowires or 
nanotubes, are termed as 1D NP structures. Such structures can be formed by the chaining of 
NPs. The driving force for the self-assembly of NPs into 1D structures is the inherent 
anisotropy of NP-NP interactions, i.e. dipole-dipole interactions. In semiconductor NPs for 
instance, electric dipoles are present resulting from the non-centrosymmetric crystal lattice 
or surface defects. Via oriented attachment along crystalline faces, NPs may fuse together 
forming single crystalline nanowires. For example, ZnO nanorods are formed by a crystal-
lographic orientation of ZnO NPs along the unique axis of their wurtzite lattice.37 The 1D self-
assembly allows for large-scale nanowire production with a controlled wire dimension and 
morphology,11 which is a good basis for practical applications. However, a precise manipula-
tion and arrangement of these chains remains challenging. 
Two-dimensional (2D) self-assemblies: Upon forces during liquid evaporation or other 
interfacial solid-liquid interactions, NP can arrange in two-dimensional ordered arrays. For 
example, if a diluted, colloidal NP dispersion shows good wetting properties on a certain 
substrate, solvent evaporation can produce long-range ordered 2D patterns with high 
packing density and definite periodicity in both spatial dimensions. Providing highly 
monodispersed NPs, the patterns can cover large areas up to the micron scale. The spacing 
between the NPs in the array is provided by the length of the organic ligands and influences 
the electronic and magnetic coupling between the NPs, which is an important issue for 
devices based on NP thin films. Besides ordered arrays, other 2D arrangements are 
accessible by controlling of solvent evaporation, i.e. rings, dendrites, islands with particle 
size gradients.38-41 
A well-established method to produce 2D assembled structures is the Langmuir-Blodgett 
(LB) technique. Originally developed for organic films, it was extended to NP film formation 
by Kotov et al.42 and Dabbousi et al.43 in 1994. The LB approach is based on the film forma-
tion of amphiphilic molecules at the air-liquid interface with the organic head group 
pointing to the water phase and the hydrophobic tail to air. In the case of NPs capped by 
organic ligands, the NPs themselves act as surface-active molecules. By adjusting the 
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compression pressure, the NPs assemble themselves into closely packed NP monolayers. 
These films can be deposited onto various substrates and thus multilayers can be achieved 
as well. 
A similar technique is the layer-by-layer (LbL) deposition. This thin-film preparation 
technique, originally developed for polyelectrolytes, was first used for the assembly of 
nanoparticles by Kotov et al. in 1995. The process relies on the coulomb attraction between 
negatively charged nanoparticles and cationic polymers, e.g. poly(dimethyldiallyl-
ammonium chloride), and is achieved by alternately dipping a substrate into the 
corresponding solutions. Instead of organic polymers, inorganic cationic species such as 
aluminum oxide hydrosols may be used to improve the stability of the coated films. 
Furthermore, the layer deposition may also be done by spraying instead of dipping, which 
allows for faster and more precise deposited all-inorganic films.44  
Three-dimensional (3D) self-assemblies: 3D self-assembled structures are encountered as 
closely packed ordered or non-ordered solids, non-ordered porous structures or sandwich 
structures from self-assembled monolayers. The latter type is also referred to pseudo 3D 
structures. As a simplified concept, hard spheres can arrange in densely packed periodically 
well-ordered superstructures. Similar to the packing of atoms, structures with the highest 
packing density are formed, i.e. hexagonal close-packed (hcp) and face-centered cubic (fcc). 
However, this theory generally does not match the nature of NPs. As compared to hard 
spheres, NPs are not spherical but faceted polyhedral, which can influence their packing. 
Consequently, NPs will assemble in structures with long-range or short-range ordering 
depending on the influencing parameters, i.e. size distribution, the interparticle distance 
determined by the capping agents and the ratio of particle size and spacing. Thus for 
example, NPs with a broad size distribution are expected to arrange in closely packed solids 
with short-range ordering. These glassy-like structures are not favourable for application 
due to their lack of uniformity in composition and brittleness upon mechanical stress. For 
practical applications and fundamental research, periodic structures are preferred. 
So far, numerous examples for densely packed superlattices from a variety of materials 
were reported, including CdSe,45 FePt,46 CoPt3,47 PbS,48 PbSe49 or Ag.50 While the preparation 
of NPs with suitable structural properties is sophisticated, their assembly in closely packed 
structures is realised quite simple by solvent evaporation of colloidal NPs dispersed in 
aqueous or organic solution on a solid substrate51 or controlled oversaturation45 in solution. 
The latter is induced by slow diffusion of a non-solvent such as methanol into the 
concentrated NP solution. As demonstrated by Talapin et al.,45 the diffusion rate plays 
thereby a critical role determining the degree of ordering. While perfectly faceted 100 µm 
sized hexagonal platelets were formed in the case of slow diffusion of isopropanol into a 
dispersion of CdSe NCs in toluene, fast solvent diffusion of methanol results in multiple 
nuclei formation and thus irregular-shaped superlattices with various crystalline domains. 
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Independent of the shape of the assembled superlattice, stacking faults or vacancies similar 
to defects in classical crystals may occur. The control over these defects is important for 
many applications, although the quantitative determination of the defect concentration is 
still challenging.  
Another type of 3D assembled structures are non-ordered porous networks, so-called 
aerogels. These fine inorganic superstructures possess an enormously high porosity and 
inner surface area, resulting in densities as low as 3 times that of air.52 These materials offer 
a wide variety of applications, e.g. in the field of catalysis,52 due to their attractive catalytic, 
thermoresistant, piezoelectric, antiseptic, and many other properties, originating from the 
combination of the specific properties of NPs by macroscale self-assembly. 
The first aerogels were reported by Kistler53 in the early 1930s and were made from metal 
oxides via sol-gel chemistry. Further developed since the late 1960s,52, 54 the most 
investigated aerogel materials so far are silica or metal oxides as well as their mixtures 
because the production of aerogels has been limited to these materials for decades. 
However, creating aerogels from noble metal NPs, colloidal QDs or mixtures of both has 
recently attracted interest since these materials may open opportunities in areas such as 
semiconductor technology, photocatalysis, optoelectronics, and photonics.55-63 In 2005, 
Brock et al. first reported on NP-based aerogels made from CdS and CdSe NCs.64 In order to 
perform gel formation, they had to transfer the non-polar organically stabilized QDs into 
polar organic or aqueous media. The gelation was then induced by controlled destabilisation 
of the colloidal NCs in solution in terms of directed loss of surface ligands through chemical 
or photo-oxidation. Chemical oxidation was induced by adding an oxidising agent such as 
hydrogen peroxide, and photo-oxidation was induced by UV irradiation. Since that time, 
attempts were made to expand the repertoire of NP-based aerogels to other metal 
chalcogenides NCs or metal NPs including ZnS, PbS, PbSe, Ag, Au and Pt.64-66 In 2008, a 
photochemical treatment to create aerogels from thiol-capped CdTe NCs, directly 
synthesised in water, was developed.60, 67 However, all these methods are based on 
deliberate destabilisation of colloids. Therefore, once gelation is induced, networking of the 
particles starts and occurs autonomously. The extent of networking cannot be controlled 
and the NPs have direct contact with each other which may lead to a certain loss of quantum 
confinement. An alternative gelation procedure considering both of these aspects was 
introduced in 2010 by Lesnyak et al.68 Demonstrated for CdTe QDs and later for Au NPs63 
capped with 5-mercaptomethyl tetrazole (MMTz), subsequent gelation was reached upon 
stepwise addition of divalent metal ions and complex formation with the tetrazole ligands. 
This metal ion assisted complexation allows controllable and reversible gel formation of one 
or more63, 69 tetrazole capped NP species and thus further expands the diversity of aerogel 
materials.  
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2.1 Synthesis of CdSe/CdS and CdSe/CdS/ZnS Core/Shell QDs 
The QDs used in this work were synthesised using the hot-injection route. Among the so-
called “bottom-up” colloidal approaches, the hot-injection method is a well-established 
procedure for the preparation of highly monodisperse spherical semiconductor 
nanocrystals (NCs). It earned its name from the typical synthetic procedure, wherein a 
chalcogenide precursor is injected into a hot solution of metal precursor in a high-boiling 
solvent. The precursors are decomposed due to the high temperature to highly reactive 
species leading to the formation of metal chalcogenide semiconductor NCs. According to 
LaMer and Dinegar, the degree of monodispersity of the resulting NCs originates from the 
homogeneous nucleation process, wherein nucleation and growth are separated.1  
The homogeneous nuclei formation has a high energy barrier, because of the higher 
surface energy of small NPs compared to the bulk. This energy barrier can be explained by 
regarding the Gibbs free energy change ∆G for the formation of a spherical nucleus with 
radius r. It is composed of the energy which is needed to form the new interface and the 
lattice energy that is released upon solid formation:2 
 
∆G = 4πr2γ +
4
3
πr3∆Gν (2.1) 
 
where γ is the surface free energy per unit area and ∆Gν is the free energy change per unit 
volume. Because the surface energy term is always positive and ∆Gν is negative as long as 
the solution is supersaturated, the plot of ∆G versus r has a maximum at rc (see Figure 2-1 A). 
The critical radius rc is the minimum radius of a nucleus which can be formed 
spontaneously. If nuclei with r<rc are formed, ∆G is mainly determined by the surface 
energy. In this case, nucleation is thermodynamically unfavourable and the nuclei will 
dissolve. In the case of r>rc, the released lattice energy makes the nucleation more 
favourable and stable nuclei formed will begin to grow. The critical free energy ∆Gc, which is 
needed to form a stable nucleus can be regarded as the activation energy. 
In order to overcome this energy barrier and allow a spontaneous, homogeneous 
nucleation, a high supersaturation is needed. The supersaturation is induced by the rapid 
injection of the precursor into the hot solution. As demonstrated in Figure 2-1 B, the 
monomer concentration strongly increases during period I upon the thermal decomposition 
of the precursors until the critical supersaturation level Sc is reached. Exceeding Sc in period 
II, the energy barrier for homogeneous nucleation can be overcome. Thus, numerous nuclei 
are formed simultaneously, which consequently leads to a decrease of the monomer 
supersaturation. When the supersaturation is decreased below Sc, further nucleation does  
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Figure 2-1:  (A) Plot of the Gibbs free energy for homogeneous nucleation as a 
function of nuclei radius and (B) LaMer plot for the change of 
supersaturation during the reaction time. 
 
not occur. In period III, the systems enters the growth stage and the particles keep growing 
as long as the solution is supersaturated. 
Based on this principle, uniform CdSe QDs with spherical shape and passivated by organic 
ligands were synthesised with the hot-injection route. However, the surface of these QDs is 
not well protected from the surrounding media and exhibits a significant fraction of trap 
states acting as non-radiative relaxation channels. Thus, the fluorescence quantum yield 
(QY) and the stability of these QDs against photobleaching is quite poor. In order to improve 
the optical properties and the photostability by further passivation of the surface, a wider 
band gap material, e.g. CdS or ZnS, is coated onto the QDs resulting in a type-I core-shell 
nanostructure in which both charge carriers, electron and hole, are trapped in the core. 
Therefore, the corresponding precursor solutions are slowly added into the purified QD 
core dispersion in order to avoid separate nucleation of the shell material. The shell 
material should be chosen carefully, exhibiting appropriate band positions and a small 
lattice mismatch in the same crystal structure as the core material. Due to partial leakage of 
the exciton into the shell material, the shell growth is accompanied by a redshift of the 
absorption and emission peak wavelength. The absorption and emission of the QDs can thus 
be gradually shifted by adjusting the shell thickness. This is demonstrated in Figure 2-2, 
which shows the evolution of the absorption and emission features of CdSe QDs coated with 
an increasing number of CdS monolayers (MLs) by the SILAR (successive ion layer 
adsorption and reaction) method. 
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Figure 2-2: Absorption and emission spectra of CdSe QD cores and CdSe/CdS 
core/shell QDs with up to 5 MLs of CdS. 
2.2 Synthesis of InP/GaP/ZnS Core/Shell/Shell QDs* 
As a promising low-toxic alternative to Cd-based QDs, InP QDs have been under 
investigation for the last two decades. First reports were the publications of Uchida in 1990 
and Mic ic in 1994 on the synthesis of InP nanostructures in tectosilicates such as zeolites3 
and the synthesis of InP NPs respectively.4 Based on the knowledge collected for CdSe QD 
synthesis, air-stable InP QDs were prepared using TOP/TOPO as a stabiliser. However, long 
reaction times of several days resulted in broad particle size distributions and very low 
PL QYs of only a few percent. With reference to their former work, Mic ic et al. demonstrated 
the significant improvement of the PL QY of InP QDs up to 30% by etching the particle 
surface with hydrofluoric acid or ammonium fluoride in order to reduce surface defects in 
1996.5 Nevertheless, long reaction times still had to be taken into account until Yu and Peng6 
proposed the usage of non-coordinating solvents in 2002, such as octadecene (ODE). 
Subsequent studies were mainly focused on the improvement of surface passivation by 
encapsulation with appropriate shells in order to increase the PL QY of the InP QDs. Organic 
ligand shells, e.g. aliphatic acids,7 were found to improve the optical properties of the QDs as 
well as their stability. The same trend was encountered for inorganic shell coatings, such as 
ZnS,8 ZnSe9 or ZnSSe,10 resulting in core-shell QDs. However, high PL QY comparable to Cd-
based QDs were not accessible. The great lattice mismatch between the QD core and the  
 
                                                             
* Parts of this chapter are based on the results of the Bachelor’s and Master’s thesis written by 
Christian Meerbach under mentoring of the author, Christin Rengers, in the group of Prof. A. 
Eychmüller at the TU Dresden. 
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Figure 2-3:  Schematic presentation of the synthesis of In(Zn)P/GaP/ZnS QDs 
adapted from Kim et al.Fehler! Hyperlink-Referenz ungültig. In the first step, 
In(Zn)P QDs are prepared via hot-injection route. Via cation exchange, a GaP 
shell is formed in the second step. In the final step, ZnS is grown onto the QD 
to provide efficient passivation. 
 
shell material was considered as the most obvious reason for this. Hereof, a great progress 
was achieved by Kim et al. in 2012.11 Using GaP as a lattice adapter between the InP core and 
a ZnS shell, they were able to synthesise very bright and stable type-I structured InP-based 
core/shell/shell QDs with PL QYs up to 85%.  
In this work, In(Zn)P/GaP/ZnS QDs were prepared on the basis of the synthetic route of 
Kim et al. in a three-step procedure. The strategy is schematically described in Figure 2-3. In 
the first step, InP cores are synthesised via hot-injection route in the presence of Zn. The 
resulting In(Zn)P core is an alloyed structure, which has a larger band gap energy than pure 
InP. The alloyed structure is supposed to facilitate further shell growth by providing a more 
fluent change of the lattice parameters. Additionally, InP surface defect states such as P 
dangling bonds are saturated by Zn leading to a significant increase of the PL QY.12 In the 
second step, a GaP shell is formed upon cation exchange of In3+ with Ga3+ at the particle 
surface followed by the growth of a ZnS shell in the third step. The GaP acts as an 
intermediate layer that reduces lattice strain between the In(Zn)P core and the ZnS shell. 
Due to the replacement of In3+ during the shell formation, the In(Zn)P core is decreased in 
size whereby the band gap is increased according to the quantum size effect. Hence a blue-
shift of the absorption and PL emission maxima is observed during the second step. With 
application of the final ZnS shell, the absorption and emission bands are red-shifted, 
accompanied by a strong increase in PL intensity indicating good surface passivation and 
the reduction of non-irradiative recombination channels.  
Even so, the synthetic procedure of Kim et al. is limited to the production of QDs with PL 
wavelength around 550 nm. In order to tune the emission wavelength throughout the whole 
visible range, the reaction parameters were systematically varied and their influence on the 
optical properties of the resulting core/shell/shell QDs were studied. The shell coating leads 
to a straightforward redshift, therefore and for simplification, the optimisation was done for 
InP cores only. The most important parameters for the emission tuning were found to be: 
(i) The molar ratio of In to Zn: Higher Zn contents result in blue-shifted emission wave-
lengths whereas red-shifted emission wavelengths are obtained with lower Zn 
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contents. The reason for this is, as discussed above, the formation of an In(Zn)P alloy 
that has a higher band gap energy than pure InP. 
(ii) Injection and growth temperature: If the injection temperature is increased, the 
supersaturation will be increased as well. Thus, a higher amount of nuclei is formed 
during injection as compared to lower injection temperatures and the resulting core 
NPs will be smaller than for lower temperatures. However, higher growth temperatures 
result in faster particle growth and lead to larger particles.  
(iii) Amount of ligand: The ligand molecules form shells around the monomers and the cores 
and thus influence the reactivity of the precursors and the growth dynamics of the 
particles. High amounts of ligand reduce the supersaturation during injection. Thus, 
fewer nuclei are formed as compared to lower amounts of ligand and can grow larger 
assuming a higher amount of residual monomers after nucleation. Reducing the amount 
of ligand is not favourable due to insufficient particle stabilisation and passivation.  
This knowledge was then used to tune the emission colour in a broad range within the 
visible spectrum. The colour tuning was done by combination of these parameters, e.g. high 
injection temperature and increased Zn content for cores with blue-shifted wavelength or 
lower injection temperature and decreased Zn content for cores with red-shifted wave-
length. The emission colour was successfully varied by this in the range of 520 to 620 nm. 
Albeit, emission wavelengths below 520 nm were not accessible and red-emitting QDs above 
600 nm had a broad emission band with FWHM of more than 250 nm. 
To further refine these results, new techniques were developed for the blue and red 
spectral range. These approaches signified a remarkable improvement as can be clearly 
seen from Figure 2-4. A and B display the absorption and emission spectra of InP/GaP/ZnS 
QDs with narrow PL emission ranging from around 500 to 650 nm. Three different 
approaches were used for the preparation (see Figure 2-4 B section α, β and γ).  
Section α, the green-emitting region from 510 to 560, was prepared by standard synthesis 
of Kim et al. and variation of the In:Zn ratio and the injection temperature. In detail, the InP 
core of the species with emission maximum at 538 nm was synthesised exactly according to 
the instruction reported, whereas the In to Zn ratio was changed from 2:1 to 2:1.5 and the 
injection temperature was raised from 300°C to 310°C during the core synthesis for the 
blueshifted species with PL maximum at 525 nm.  
In order to prepare InP core/shell/shell QDs with PL maximum below 520 nm, further 
increasing of the Zn content equal to the amount of In is not sufficient. Therefore, for the 
species in section β with PL maximum at 503 nm, an additional sulphur source was 
introduced during the core synthesis. It is suggested that an InP/ZnS alloy is formed 
thereby.13 Since the bandgap of ZnS is larger than for InP, alloying of both components 
increases the bandgap as compared to InP. 
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For QD species with emission maxima above 560 nm in section γ, a seeded-growth 
approach was developed. First, standard In(Zn)P cores were prepared with a slightly 
reduced Zn content (In:Zn=2:0.5) and injection temperature (295°C). Following this, two 
precursor solutions, one containing the In and Zn precursor and the other one containing 
the P precursor with the same molar ratio to each other as in the core synthesis, are 
simultaneously and continuously added within 1 hour at the standard growth temperature 
of 230°C. Thereby, the higher the amount of additionally added precursor, the more red-
shifted are the spectra of the resulting QDs. 
Figure 2-4 C and D display the good reproducibility of the different species in terms of 
position of the PL maximum, PL QY and FWHM. The emission colour of each species can be 
reproduced with a maximum deviation of 10 nm. The PL QY of all species ranges from 30 to 
60% and the emission bands are quite narrow for a InP-based system with FWHM between 
45 and 70 nm. 
 
 
Figure 2-4: Colour tuning of In(Zn)P/GaP/ZnS QDs. (A) Absorption and (B) emission 
spectra of colour tuned In(Zn)P/GaP/ZnS QDs using three synthetic strategies, 
i.e. (I) standard synthesis from Kim et al, (II) usage of additional sulphur 
source for the InP core and (III) seeded growth of standard InP cores. 
Reproducibility of the different emission colours in terms of emission 
wavelength and PL QY (C) respectively FWHM (D).  
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2.3 Synthesis of Au Nanoparticles of Different Sizes and 
Shapes* 
Noble metal NPs are well-studied materials in the field of nanoscience in terms of 
preparation, characterisation and application. Since ancient times, the impressing change of 
colour during the transition from the macroscale noble metal bulk to nanoscaled objects has 
been attracting great interest in these materials. Their optical properties originate from the 
large surface-area-to-volume ratio giving rise to the surface plasmon band, a strong 
absorption band observed in the spectrum.  
According to the jellium model, electrons in metals can move freely in form of a 
homogeneous electron cloud around uniformly distributed positively charged atomic nuclei. 
The electron cloud can interact with the external electrical field, with the result that if 
incident light with a certain frequency hits the NP, the cloud is moved relatively to the 
atomic cores against the direction of the electrical field, whereby a dipole is induced (see 
Figure 2-5). The Coulomb attraction between the atomic cores and the electron gas results in 
a back-driving force. Considering the nature of an electromagnetic wave, a collective 
oscillation of the electrons occurs due to the temporal variation of the external electrical 
field. This phenomenon is known as the localised surface plasmon resonance (LSPR) or also 
referred to as Mie resonance, named after Gustav Mie who succeeded in describing the 
extinction spectra of spherical metal NPs by solving Maxwell’s equations.14 
 
 
Figure 2-5:  Interaction of the electron cloud of a spherical nanoparticle with 
incident light. 
                                                             
* Parts of this chapter are based on the results of the Bachelor’s thesis written by Christine Arnold 
under mentoring of the author, Christin Rengers, in the work group of Prof. A. Eychmüller at the TU 
Dresden. 
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As a consequence of the resonant oscillation, a surface plasmon band can be observed in 
absorption measurements. The frequency of the plasmonic resonance band as well as its 
shape and intensity are strongly dependent on the NPs size, size distribution and shape just 
as much as on the dielectric constant of the surrounding medium and the electron density 
inside the NP. 
Owing to the induced electric field, plasmon resonance can result in a huge enhancement 
of the local electric field near the surface with enhancement factors up to |E|/|E0|~102 for 
individual nanoparticles respectively 103 for nanoparticle junctions.15 Though, the 
enhancement factor rapidly decreases with increasing distance from the metal NP surface.16 
Due to the field enhancement, plasmonic NPs are likely applied for processes depending on 
the local electric field, such as surface enhanced Raman spectroscopy (SERS) with Raman 
enhancement factors ~ (|E|/|E0|)4, plasmonic resonance energy transfer (PRET) or plasmon 
enhanced fluorescence.  
This work intended to use plasmonic NPs for the preparation of mixed QD/noble metal NP 
gels and to study the influence of field enhancement onto QD fluorescence. Therefore, Au 
NPs with different sizes and shapes had to be synthesised and their surface chemistry had to 
be adjusted to that of the QDs, requiring a ligand exchange with tetrazole ligands. 
2.3.1 Spherical Au Nanoparticles 
Several synthetic approaches have been developed for synthesis of colloidal Au NPs.17-20 
Amongst those, the reduction of a metal precursor in aqueous solution is one possibility. 
Herein, spherical Au NPs with an average diameter of 5.9 nm were synthesised using a 
standard citrate reduction procedure adapted from Frens.21 In this procedure, sodium 
citrate plays a dual role. On the one hand, it is responsible for the reduction of the gold 
species Au3+ in the metal precursor HAuCl4- and on the other hand, it acts as stabilising agent 
for the Au NPs formed. The size of the Au NPs can usually be tuned in the range of 10 to 
150 nm by adjusting the amount of sodium citrate. While small amounts of citrate in 
comparison to the amount of Au precursor lead to the formation of larger, less uniform Au 
NPs with roughly spherical shape, higher citrate concentrations lead to smaller sized Au NPs 
that are more homogeneous in size and shape. With the average diameter of 5.9 nm, the 
here prepared Au NPs are smaller than expected from the synthetic protocol. They are also a 
little less uniform in terms of size and shape, which is probably the result of their smaller 
size since the synthetic protocol is optimised to yield monodisperse spherical Au NPs with 
sizes above 10 nm. 
Figure 2-6 A shows a TEM image of the prepared Au NPs. The size distribution in Figure 
2-6 B was determined by analysis of several TEM images. The total number of evaluated 
particles was 77. As can be seen from the absorption spectrum in Figure 2-6 C, the citrate  
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Figure 2-6:  Small spherical Au NPs. (A) TEM image of small spherical Au NPs, (B) 
particle size distribution from TEM analysis (N=77) and (C) absorption spectra 
of spherical Au NPs with original citrate capping (straight line), after ligand 
exchange with METz (dashed line) and concentrated METz capped Au NP 
dispersion (dotted line). 
 
stabilised NPs possess a SPR band at 513 nm. With respect to further usage of the NPs for gel 
formation via metal ion assisted complexation, the original ligands had to be exchanged 
with tetrazole molecules, i.e. 5-mercaptoethyl tetrazole (METz), and the concentration had 
to be increased. The ligand exchange resulted in a slight broadening of the plasmon band 
accompanied by a redshift of the peak maximum to 519 nm. Subsequent concentrating of the 
NPs solution led to further peak broadening and peak maximum shift to 525 nm. The reason 
therefore might be the usage of centrifugation filters for concentrating the NP dispersions. 
In these filters, the NPs remain in the supernatant while the solvent passes through the  
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Figure 2-7: Large spherical Au NPs. (A) TEM image of large spherical Au NPs, (B) 
particle size distribution from TEM analysis (N=197) and (C) absorption 
spectra of spherical Au NPs with original citrate capping. 
 
membrane. However, it is also possible that especially smaller NPs pass through the 
membrane along with the solvent, so that the supernatant is enriched with larger NPs. 
For the purpose of intended gel formation, larger Au NPs were ought to be synthesised and 
capped with tetrazoles as well. The synthesis of larger spherical Au NPs followed the 
seeded-growth technique from Ziegler,22 wherein gold seeds produced after Frens are 
grown bigger using continuously added ascorbic acid as reductant and sodium citrate as 
stabiliser. This technique distinguishes itself by several advantages compared to other 
seeded growth processes, such as a wide range of available sizes from 15 to 300 nm, 
nontoxic stabilisers and reductants that are easily exchangeable, a narrow size distribution, 
easy processing and no need for cost-intensive and time-consuming postsynthetic cleaning 
procedures. In here, thusly prepared Au nanoparticles have an average diameter of 26.5 nm, 
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determined by TEM analysis. A corresponding TEM image and the size distribution are 
displayed in Figure 2-7 A and B. The absorption spectra of the Au NP dispersion is shown in 
Figure 2-7 C and possesses a well pronounced LSPR band at 522 nm. Analogous to the 
smaller Au NPs, larger Au NPs were attempted to undergo ligand exchange of the original 
stabilisers with METz. But the addition of METz, dissolved in 0.1M NaOH solution, resulted 
in a fast colour change of the NP dispersion from red to black accompanied by flocculation, 
indicating the irreversible destabilisation of NPs. At this point, the LSPR band had vanished 
completely. Further attempts to make the procedure more gentle, e.g. by the addition of 
stabilising TRIS buffer, were not successful either. Thus, tetrazole capping of larger Au NPs 
remains a challenging task for the future. 
2.3.2 Au Nanorods 
Gold nanorods (NRs) have been a widely investigated research topic during the last decade 
due to their unique plasmonic properties.23 As discussed above, metal NPs show surface 
plasmon resonance upon interaction with incident light of a certain wavelength, observable 
in the absorption spectra as a single plasmon band. In the case of NRs, two plasmon bands 
are existent, i.e. the longitudinal and the transversal LSPR mode. The longitudinal LSPR 
mode is caused by the oscillation of free electrons along the length axis of the NR, whereas 
the transversal mode is associated to the electron oscillation perpendicular to the length 
axis. Thus, by variation of the ratio between length and width of the NR, which is known as 
the aspect ratio, the plasmonic bands can be tailored very precisely. With an increasing NR 
length, the longitudinal LSPR band can be gradually redshifted, from the visible to the near 
infrared region. In comparison to spherical shaped NPs, NRs may exhibit higher field 
enhancement factors, especially near the two ends. As a general fact, the field enhancement 
is proportional to the curvature of the plasmonic particle. Therefore, the sharper the metal 
NP, the higher the field enhancement is.24 
In this work, Au NRs were synthesised using the seed mediated growth approach from the 
group of Murray.25 This approach allows the production of monodisperse Au NRs with low 
shape impurities and broadly tuneable aspect ratios up to 8.5. In the procedure, CTAB 
stabilised Au seeds are grown larger using a micellar technique that supports the NR 
formation by micelle-directed growth. The micelle shape of the surfactant CTAB that is 
usually spherical can be modified by the addition of aromatic compounds, such as sodium 
salicylate. Besides the micellar shape, the binding of the cationic surfactant CTAB onto 
preferential crystalline phases of the growing NR plays an important role.  
The Au NRs synthesised have an aspect ratio of about 1.9, based on an average width of 
12.4 ± 2.5 nm and an average length of 23.6 ± 2.2 nm. Regarding the TEM image in Figure 2-8 
A, a certain amount of shape impurities can be identified. This fact and the somewhat 
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broader size distribution (see Figure 2-8 C and D) as expected from the report of the Murray 
group,25 display the difficulty of fine tuning of the synthetic conditions. 
Figure 2-8 B displays the absorption spectra of the Au NRs. Freshly prepared, the NRs are 
stabilised by salicylate and the dispersion contains significant amounts of CTAB causing 
strong background absorption in addition to the two plasmonic features, the transversal 
mode at 525 nm and the longitudinal mode at 580 nm. After the clean-up procedure, the 
background is significantly lowered confirming the efficient reduction of the CTAB content. 
Furthermore, the plasmonic bands are slightly red-shifted to 529 nm and 583 nm 
respectively. Following this, a ligand exchange with METz was performed analogously to 
spherical NPs. The optical properties of the NRs could be preserved successfully after 
tetrazole capping. Yet, a slight broadening of the plasmon resonance is encountered. The 
LSPR bands of the tetrazole functionalised NRs are observed at 525 nm and 590 nm. 
 
 
Figure 2-8:  Au NRs. (A) TEM image of Au NRs, (B) absorption spectra of Au NRs as 
synthesised (straight line), washed (dashed line) and after ligand exchange 
with METz (dotted line) and (C) and (D) distribution of NR length and width 
from TEM analysis (N=103).  
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2.4 Silica Coating of Quantum Dots* 
The use of silica as a coating material has several beneficial aspects, i.e. optical 
transparency, chemical inertness, good water dispersibility, easy regulation of the coating 
procedure and versatile choices of surface modification. Thus far, silica coating of inorganic 
NCs has been under investigation26-31 and two approaches have been established for the 
preparation, i.e. the classical Sto ber12, 28 method and its further development, the reverse 
microemulsion technique32-34. Both techniques are based on a sol-gel process, first published 
by Sto ber et al.12 in 1968. In this process, a silica precursor, most commonly tetraethyl 
orthosilicate (TEOS), is hydrolysed in an aqueous solution in the presence of the catalyst 
ammonia: 
 
  (OE )4 + 4H2O → H4  O4 + 4E OH (2.2) 
 
The resulting orthosilicic acid further undergoes a condensation reaction, whereas Si-O-Si 
bonds are built: 
 
H4  O4 → H2  O3 +H2O (2.3) 
H2  O3 →   O2 + H2O (2.4) 
 
With the Sto ber process, spherical silica particles with a comparatively broad size 
distribution can be synthesised in a size range of 50 nm to 2 µm. Nann and Mulvaney were 
able to produce more uniform silica spheres in the size region from 30 to 120 nm with a 
well-defined structure by optimising the reaction conditions.35 But nevertheless, when 
aiming for uniform shell thicknesses, it seems to be more promising to use the reverse 
microemulsion approach since it allows better control of the particle size distribution for 
small sizes (20 nm to 150 nm) in comparison to the Sto ber method.36, 37  
This was confirmed by experimental attempts (see therefore Figure 2-9). It shows TEM 
images of silica coated QDs prepared either in hydrophilic or hydrophobic media and coated 
using the Sto ber process and reverse microemulsion synthesis, respectively. As compared to 
the microemulsion synthesised uniform silica spheres in Figure 2-9 C and D, Sto ber’s silica 
exhibits a very broad size distribution and non-uniform shape, which becomes apparent 
from Figure 2-9 A and B. Additionally, QDs are not visible in the TEM of Sto ber derived silica 
spheres and the particle dispersions did not show any PL preserved from the original QDs, 
                                                             
* Parts of this chapter have already been published. 
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indicating that they were not well encapsulated and probably washed off during cleaning. In 
the case of reverse microemulsion derived silica spheres, the QDs can be clearly identified in 
the TEM images as dark small spots in the centre of much larger grey silica particles. These 
silica-QD dispersions additionally preserved the emission properties of the QDs to a certain 
extent.  
Based on these experiments, the reverse microemulsion approach was chosen for the 
preparation of silica coated QDs in this work since the produced particles met the 
requirements, i.e. uniformity of the silica particles in size and shape, the positioning of the 
QD core in the middle of the spheres and the preservation of the optical properties in the 
resulting silica-QD spheres. 
 
 
Figure 2-9: TEM images of silica coated QDs using different coating procedures. (A) 
hydrophilically and (B) hydrophobically capped CdTe QDs coated by Sto ber 
process and (C) hydrophilically capped CdTe and (D) hydrophobically capped 
CdSe coated by reverse microemulsion approach. 
50 nm 100 nm
A B
50 nm 50 nm
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2.4.1 Reverse Microemulsion Technique 
The term emulsion describes a class of two-phase systems of matter that represents a 
mixture of two or more immiscible liquids, wherein one liquid is dispersed in another liquid. 
The phase forming the droplets is called dispersed phase whereas the surrounding phase is 
called continuous phase. The mean droplet size in emulsions is typically in the range of 
100 nm to 1 mm. Different types of emulsions can be formed with two liquids: e.g. the oil-in-
water emulsion, wherein an organic liquid is dispersed in water; the water-in-oil emulsion, 
wherein water is dispersed in an organic liquid or multiple emulsions, such as water-in-oil-
in-water or oil-in-water-in-oil. 
The appearance of an emulsion is turbid since light is scattered at the interfaces of the two 
phases. Furthermore, emulsions are thermodynamically unstable due to the high interfacial 
surface energy. This can be explained by the following equation for the Gibbs free energy 
change ∆Gform, which is the sum of the free energy for creating a new interface and the 
entropy change ∆ : 
 
∆𝐺𝑓𝑜𝑟𝑚 = ∆𝐴𝛾12  𝑇∆𝑆  (2.5) 
 
where ∆A is the change of interfacial area and γ12 is the interfacial tension between the 
two phases. Although the entropy term is positive due to the increased droplet amount upon 
dispersion, ∆Gform is positive since the energy term dominates, which means that a 
spontaneous formation of the emulsion is not possible or phase separation will occur over 
time because of coalescence.  
Surface active molecules, so-called surfactants, increase the thermodynamical stability 
because they lower the interfacial tension between the two phases. Consequently, the term 
∆Aγ12 in equation (2.5) will be sufficiently small in order to generate a negative free energy 
change. This effect is used in the case of microemulsions, which are composed of two 
immiscible liquids and a surfactant (and frequently a cosurfactant). In comparison to 
emulsions, microemulsions are transparent, thermodynamically stable and isotropic. The 
transparency originates from the smaller droplet size of the dispersed phase, i.e. 1 to 100 nm 
according to IUPAC definition, which is smaller than the wavelength of visible light.  
Besides several applications of microemulsions in the fields of pharmaceutics, cosmetics 
or polymer synthesis, water-in-oil microemulsions can be used to perform silica coating on 
nanoparticles. Compared to the Sto ber process, silica shells applied with this method 
usually possess a more homogeneous size distribution, especially for small sizes. Although 
both methods are based on the same sol-gel process, the spatial limitation of the water-pool-
micelles, which act as microreactors, ensures the growth of silica shells with uniform shell 
thickness and particle shape. This coating method can be applied for nanoparticles with 
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hydrophilic as well as with hydrophobic ligands, which appears to be questionable at first 
glance since nanoparticles with hydrophobic ligands should have no affinity to transfer into 
the water filled micelles. According to the literature,29, 30, 38 the reason why it yet works is a 
prior ligand exchange with partially hydrolysed TEOS that is formed due to residual 
moisture. The here proposed coating mechanism for hydrophilically and hydrophobically 
capped QDs based on previous knowledge is displayed in Figure 2-10.  
In the case of hydrophobic capping, the QDs are dispersed in the continuous phase at the 
beginning. The silica precursor TEOS is not soluble and thus also dispersed in the 
continuous phase. Because of residual moisture either in the storage bottle or in the solvent, 
TEOS is partially hydrolysed. It is suggested that the original hydrophobic ligands are 
exchanged with partially hydrolysed TEOS which subsequently leads to a phase transfer of 
the QDs into the aqueous micelles (see Appendix, Figure A-1). Further hydrolysis and 
condensation of TEOS and thus silica shell growth takes place in the micelles, catalysed by 
ammonia. 
 
 
Figure 2-10: Proposed reaction mechanism for silica coating of (A) hydrophobically 
and (B) hydrophilically capped QDs in a water-in-oil microemulsion. 
A
) 
B
) 
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In the case of hydrophilic capping, the QDs are located in the micelles from the beginning. 
TEOS, partially hydrolysed, as mentioned before, or hydrolysed at the interface between the 
micelles and the continuous phase, can enter the micelles. The QDs act as nuclei for the silica 
growth since Cd2+ sites at the QD surface allow for direct binding of the negatively charged 
hydrolysis products. It is assumed that the initial ligands are retained and not replaced by 
hydrolysed TEOS species. The group of Gao postulated a mechanism39, wherein the initial 
hydrophilic ligands, i.e. thioglycolic acid (TGA), play an important role for the formation of 
silica spheres with a single QD core. Because of electrostatic interactions, most of the QDs 
are pushed out of the micelle, except for the one located in the middle since the sum of 
forces is zero in this case. The electrostatic repulsion is caused by decreasing the screening 
potential between TGA capped QDs with a negatively charged surface and their counterions 
due to the presence of negatively charged hydrolysed TEOS species. Murase et al.40 used a 
modified method to separate the surface silanisation and the shell growth. With EDX 
analysis, they were able to prove the presence of sulphur from the initial ligand TGA after 
the silanisation step. Thereby, the S : Cd ratio was identical with the one for the initial QDs. 
Silica coated QDs, regardless of whether derived from hydrophobically or hydrophilically 
capped QDs, always face one common problem, i.e. the significant decrease of PL QY 
presumably caused due to ligand exchange or surface deterioration. Although the formation 
of trap states has not been proofed yet, non-radiative recombination channels are generated 
during the encapsulation obviously. 
In this work, experiments were based on the usage of hydrophobically capped QDs due to 
two main reasons:  
(i)  Very stable and highly emitting core/shell QDs can be synthesised in the organic phase 
providing a higher possibility for the silica-QDs to preserve a higher percentage of PL 
intensity and  
(ii)  the silica encapsulation of hydrophobic QDs had a higher reproducibility and reliability 
than the encapsulation of hydrophilically capped QDs. 
Figure 2-11 shows the TEM images of two equally prepared batches of silica encapsulation 
of hydrophilic CdTe QDs using the method of the Gao group.39 Whereas in a few cases 
successful silica coating with uniform spheres and a QD core in their centre is realised as 
shown in Figure 2-11 A, most of the batches do not succeed in appropriate encapsulation as 
exemplarily shown in Figure 2-11 B. Although quite uniform silica spheres are produced in 
these cases, the QDs are rather randomly distributed. Empty silica spheres and those 
containing several QDs are found as well as silica spheres with QDs on their surface. In the 
case of silica coating of hydrophobically capped QDs with the procedure from Popovic et 
al.37, silica shells with reproducible shell thicknesses between equally prepared batches and  
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Figure 2-11: TEM images of two equally prepared batches of silica encapsulation of 
hydrophilically capped CdTe QDs. (A) successful capping with uniform 
spheres and QD core in the centre and (B) failed capping with uniform spheres 
but QD randomly distributed in the spheres and at their surface.  
 
better control over the QD location were obtained. This method was therefore chosen for 
further experiments and the particles resulting from this coating method are referred to 
silica-QDs in the further context. 
2.4.2 Properties of the Silica Shell 
In this work, silica was chosen as a coating material to act as a spacer between the QDs 
since it is a well-known and investigated material with suitable properties. It provides 
chemical inertness, water dispersibility and surface modification ability while retaining the 
optical properties of the QD core because of its transparency. As seen from Figure 2-12 A, the 
absorption and emission features of the QDs are still present and observable from the 
outside in silica coated QDs. Significant shifts of the peak maxima are usually not apparent. 
In a few cases, slight wavelength shifts of 5 nm maximum are observed, probably caused by 
either the exposure to ammonia (blueshift) or slight aggregation in or on top of the silica 
spheres (redshift). The inset in Figure 2-12 A shows a photograph of the silica-QD sample 
corresponding to the spectra shown. It provides an additional impression of the appearance 
of silica coated QDs. The absorption colour of the particle dispersion is mainly determined 
by the absorption of the QDs, but the solution might appear a little bit turbid. This is due to 
the opalescence of the silica spheres which is also visible in the absorption spectrum as an 
increased background signal within the observed wavelength range. The PL emission colour 
50 nm 50 nm
A B
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is not affected by the silica shell. Neither a shift of the PL maximum nor a significant peak 
broadening or background signal is distinguished. 
The characterisation of silica-QDs with TEM revealed that uniform silica spheres with a 
single QD core were produced. A representative TEM image is presented in Figure 2-12 B. As 
might become apparent from the image, not every silica particle contains a QD. The 
appearance of silica spheres without QD cores is common for most of the reported 
silanisation procedures. In experiments within this work, based on the analysis of TEM 
images, it was not exceeding 5%, which is considered to be acceptable. Moreover, due to the 
relatively low contrast between CdSe/CdS and silica in TEM images made from carbon 
coated copper grids, the observation of the core is strongly dependent on the image focus, 
which may deviate for different spheres presented in the same image field. By this, not 
every QD core is always visible. To avoid the formation of silica spheres without QD core, 
the particle concentration should be adjusted to the micelle concentration of 2 nmol/l very 
precisely. The knowledge of the correct particle concentration is therefore necessary. 
Usually, considering deviations of the particle concentration or losses during washing and 
pipetting, a slight excess of QDs is introduced into the synthesis. Potentially remaining 
uncoated QDs will be washed of afterwards during the cleaning procedure.  
Using the microemulsion approach, the silica shell thickness can be varied in the range of 
about 10 to 70 nm by adjusting the amount of the silica precursor TEOS. The reaction time is 
kept constant. Shell thicknesses of less than 10 nm are not realisable with this technique 
since insufficient distribution of very low amounts of TEOS leads to undefined structures 
instead of spherical shaped particles (see Appendix, Figure A-2). The minimum diameter of 
 
 
Figure 2-12: (A) Absorption and emission spectra of QDs before (straight line) and 
after (dashed line) silica coating. (B) TEM image of ~30 nm sized silica-
QDs. The inset in (A) shows a photograph of the same silica-QDs under UV 
illumination (left) and daylight (right).  
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Figure 2-13: Silica shell thickness as a function of the amount of TEOS. The volume of 
TEOS is referred to a standard batch size with 2 nmol QDs. 
 
silica-QDs that are sufficiently homogeneous in size and shape is therefore 20 nm using this 
approach. The uniformity of the spheres was observed to be enhanced with increasing 
particle diameter in the investigated size range. Within this work, the size of the silica-QD 
particles was tuned from about 20 to 33 nm in diameter by changing the amount of TEOS 
during microemulsion synthesis (see Figure 2-13). The average size was determined by TEM 
analysis. For TEM images and size distributions see Figure A-3 to A-7 in the Appendix. 
Silica shells grown with the microemulsion approach are amorphous as expected from sol-
gel derived silica. Regarding Figure 2-14, the weak and broad reflexes in the XRD pattern are 
solely attributed to the crystalline QD core, i.e. CdSe/CdS in this case. The low signal 
intensity for the QD cores is presumably ascribed to the shielding by the relatively thick 
silica shell. Some additional sharp reflexes are observed as well. From analysing reference 
datasets, these reflexes probably originate from sulphur impurities. However, no indications 
for crystalline silica phases are given based on these analyses. 
According to the literature, silica shells are often expected to act as a protecting layer to 
prevent the QDs from photodegradation and impede the release of heavy metal ions.36, 40 
However, several studies confirmed the existence of a certain porosity in the examined silica 
shells. Although no indication of porosity is given by high-resolution TEM, neither in this 
work nor in the literature, the existence of micro- and mesoporous cavities in colloidal silica 
particles was observed in BET gas adsorption isotherms.41, 42 Nevertheless, the fact of 
porosity seems to have been neglected in the past decade, since it is not mentioned or 
probably not even considered in many publications. Yet, Liz-Marza n and Mulvaney already 
showed in 1998 for glass coated Ag nanoparticles grown with sodium silicate that the shells 
are porous and the core can undergo a variety of chemical reactions.43 Thereby, the reaction 
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rate was found to be dependent on the shell thickness and is reduced with increasing shell 
thickness. But even for the largest examined shell thickness of 23 nm, the reaction was not 
negligible. Lately, Shanshan et al. confirmed these findings with a comprehensive 
investigation of the pore characteristics of Sto ber silica using gas adsorption.44 However, it 
should be mentioned that the porous structure strongly depends on the preparation and 
cleaning conditions as well as on the shell thickness45 and might therefore vary between 
different preparation techniques. From literature knowledge, very stable silica coated QDs 
in terms of photo- and thermal stability were already prepared by different groups using 
other coating methods then the here chosen procedure from Popovic et al.37. Examples 
therefore are publications from the groups of Alivisatos46 and Zhong47 as well as Zhang and 
Li.48 Even so, this work chose the microemulsion derived preparation resulting in porous 
shell structures. It is correct, that the QD core is not completely protected against the outer 
media in these silica spheres, but this may also be of advantage. Emphasising a promising 
future of these materials in the field of sensing, the porosity of the silica shells is an 
important requirement to allow the transport of the certain analyte through the shell and to 
interact with the QD core. Furthermore, even though the shells are porous, they still retard 
the photo oxidation depending on the shell thickness.36 If necessary for a certain application, 
 
 
Figure 2-14: XRD pattern of silica coated CdSe/CdS QDs. Matching reference datasets 
were taken from ICSD (Inorganic Crystal Structure Database). 
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sealing of the pores might be done retrospectively, for example be soft annealing or 
infiltration with other materials such as polymers or one of the above mentioned 
preparation methods should be used instead. 
To prove the porosity of silica particles derived by the microemulsion approach used in 
this work, the specific surface area was determined using nitrogen physisorption 
measurement at 77 K. A large-scale batch (2 times 16-fold batch) of microemulsion derived 
silica particles with an average diameter of 42 nm was prepared for this purpose to provide 
enough material for a proper investigation. Since QD cores were not urgently required for 
this investigation, pure silica spheres were synthesised to avoid unnecessary material 
wastage. The sample was well washed, three times with ethanol and additional two times 
with water and then vacuum dried to remove unreacted TEOS species, ammonium 
hydroxide, water or other impurities from the pores. The TEM image of the silica spheres is 
presented in Figure 2-15 A. Except for the absence of a QD core, no differences compared to 
silica-QD batches with respect to the appearance of the spheres was observed.  
 
 
Figure 2-15: (A) TEM image of 42 nm sized microemulsion derived silica spheres, (B) 
nitrogen physisorption (at 77 K) isotherm, (C) pore size distribution 
from NLDFT (cylindr. pores, adsorption branch) and (D) carbon dioxide 
adsorption (at 273.15 K). 
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The nitrogen adsorption isotherm is presented in Figure 2-15 B. In the range of 10-6 up to 
0.8 p/p0, the isotherm matches well with the type I isotherm, which is specific for micro-
porous materials according to IUPAC classification. The strong increase at higher relative 
pressure (> 0.8 p/p0) is referred to the filling of interparticle pores with nitrogen molecules. 
The BETspecific surface area (SSA) was determined to be 102 m2/g, which is higher 
compared to the theoretical geometric surface area of the silica nanoparticles of 75.2 m2/g, 
supporting the existence of a certain porosity. The geometric surface area was determined 
using the average external diameter of the spheres from TEM of 42 nm and a bulk density of 
1.9 g/cm3.44 The pore size distribution from the NLDFT model in Figure 2-15 C exhibits pore 
widths within the range of micro- and mesopores. The measurement of carbon dioxide 
adsorption at 273 K allowed a more detailed statement about the microporosity of the 
material. In Figure 2-15 D, the CO2 isotherm in the range of 10-4 up to 3x10-2 p/p0 is shown, 
which presents the adsorption in micropores. A micropore volume of 0.11 cm3/g was 
determined, indicating a good porosity of the silica material. 
2.4.3 Influence of the Silica Coating on the Optical Properties 
As discussed in the previous chapter, the optical features of the QDs are preserved during 
silica encapsulation owing to the transparency of the shell material. However, a significant 
drop of the PL intensity is observed upon shell coating. The intensity drop is attributed to a 
decrease of PL QY as was revealed by corresponding measurements. For two representative 
samples of CdSe/CdS and CdSe/CdS/ZnS PL QY data are given in Table 2-1. The PL QY of the 
employed QDs was in the region of 30 to 40%, whereas the PL QY of silica coated QDs was 
significantly lower. In the case of CdSe/CdS QDs it was typically between 15 to 20%, while 
ZnS terminated QDs had a much lower PL QY of less than 5%. Thus, the PL drop is an 
inevitable accompaniment of silica coating, but the extent of PL loss is depending on the 
nature of the QD core. 
 
Table 2-1: PL QY data of a representative sample before and after silica coating 
Sample λem [nm] PL QY [%] 
CdSe/CdS 583 31.53 
CdSe/CdS/silica 583 14.11 
CdSe/CdS/ZnS 593 44.39 
CdSe/CdS/ZnS/silica 603 < 5 
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The huge drop of the PL QY is presumably caused by surface deterioration. With the 
coating, non-radiative trap states may be generated upon the silica growth, causing the 
observed PL drop. This has been a well-known effect for silica coating of QDs regardless of 
whether a Sto ber approach or the microemulsion technique is used. Many groups have 
made great efforts in overcoming this problem by using modified techniques, e.g. 
presilanisation before shell growth. Only very recently, silica coated QDs with much higher 
PL QY up to 81% were reported using modified Sto ber techniques. Appropriate surface 
capping of the QDs before silanisation, i.e. by adenosine-5-monophosphate, or silanisation in 
the presence of additional metal ion precursor and stabilising agents were applied in these 
cases, which efficiently prevented influences from the hydrolysis of TEOS on the QD surface. 
For the here used microemulsion technique, the PL drop upon silica coating was intended 
to be investigated more detailed. Therefore, a monitoring for the silica coating of CdSe/CdS 
QDs was done by taking aliquots during different stages of the synthesis and subsequent 
measurement of the PL emission and PL QY. The results are displayed in Figure 2-16. When 
regarding the PL intensities in Figure 2-16 A, it should be noted that the concentration 
between the aliquots may slightly deviate which causes an uncertainty of the PL intensity 
values. Thus the slight increase of PL intensity after the addition of TEOS to the QDs in the 
microemulsion may, for example, be a result of this. Furthermore, a conventional fluoro-
spectrometer was used to collect the PL spectra, which disables the consideration of 
scattering effects. The PL QY on the other hand was determined using an integrating sphere 
setup and thus provides more trustworthy results for a quantitative analysis. Nevertheless, 
an obvious trend can be seen from the PL spectra, which is a significant PL drop coinciding 
with the addition of ammonia followed by a gradual regeneration as the reaction proceeds. 
These findings can be correlated with the PL QY data in Figure 2-16 B. Starting with a PL QY  
 
 
Figure 2-16: Monitoring of the silica coating of CdSe/CdS QDs. (A) PL emission spectra 
as well as PL maximum intensity (inset) and (B) PL QY at different stages of 
the synthesis. 
A B
500 550 600 650 700
0
1x10
6
2x10
6
3x10
6
Q
D
s 
in
 M
E
+
 T
E
O
S
+
 a
m
m
o
n
ia
 1
' 2
'
5
'
1
0
'
1
5
'
3
0
'
1
h
2
h
3
h
4
h
2
4
h
4
8
h
1x10
6
2x10
6
3x10
6
P
L
 i
n
te
n
s
it
y
Wavelength [nm]
 QDs in ME
 + TEOS
 + ammonia 1'
 2'
 5'
 10'
 15'
 30'
 1h
 2h
 3h
 4h
 24h
 48h
P
L
 m
a
x
im
u
m
 i
n
te
n
s
it
y
Q
D
s 
in
 M
E
+ 
TE
O
S 30
'
1h 2h 3h 48
h
18
20
22
24
26
28
30
32
P
L
 Q
Y
 [
%
]
  
Synthetic Part 
 
 
 
39 
 
of about 31%, the value immediately drops to 20% with ammonia addition and then slightly 
recovers to 24% within 48 hours reaction time. Hence, the PL drop is obviously caused by 
the exposure of CdSe/CdS QDs to ammonia rather than due to a prior ligand exchange with 
partially hydrolysed TEOS. However, no spectral shift of the PL maximum is observed, 
which excludes etching of the nanocrystal surface. The formation of surface trap states or 
non-radiative recombination channels upon interaction with ammonia might be a more 
probable reason for this. With advancing reaction time, the surface is cured and can partially 
restore its initial emission properties. It should be noted though, that this trend might not be 
inherent for any kind of QDs as it was solely investigated in detail for CdSe/CdS core shell 
QDs. 
2.4.4 Silica Coating of Cadmium-free Quantum Dots 
Within the framework of this thesis, the silica coating procedure should be adapted to less 
toxic InP-based QDs. In(Zn)P/GaP/ZnS QDs from chapter 2.2 were used for this purpose and 
the silica coating procedure following the microemulsion route was applied analogously to 
Cd-based QDs.  
It was found that the encapsulation procedure works in principle. The originally 
organically capped QDs can be successfully transferred into the aqueous phase after silica 
coating and the dispersion still displays fluorescence. However, the quality in terms of 
optical properties of the particles is much lower than for CdSe/CdS but comparable to ZnS 
terminated Cd-based QDs. The emission maximum and PL QY of a representative sample of 
In(Zn)P/GaP/ZnS before and after silica coating are exemplarily given in Table 2-2. Silica 
coated In(Zn)P/GaP/ZnS do not experience spectral shifts in comparison to the original QD 
dispersion but suffer from massive PL losses resulting in PL QYs of less than 5%. 
 
Table 2-2: PL QY data of a representative sample before and after silica coating 
Sample λem [nm] PL QY [%] 
In(Zn)P/GaP/ZnS 522 64 
In(Zn)P/GaP/ZnS/silica 522 < 5 
 
 
Figure 2-17 A shows a TEM image of InP/GaP/ZnS QDs coated with silica using the 
standard microemulsion procedure adapted from Cd-based QDs. Silica shells applied this 
way are less thick and homogeneous than expected from Cd-QDs coating. Furthermore, the 
coating of InP-based QDs is much more vulnerable to disturbances as it is for Cd-based QDs.  
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Figure 2-17: TEM images of silica coated InP/GaP/ZnS with (A) standard procedure 
and (B) presilanisation step.  
 
The reproducibility is therefore quite low and sizes between several equally prepared 
batches may deviate dramatically (see Appendix, Figure A-8 showing corresponding TEM 
images). Different changes of the synthetic procedure were applied in order to improve the 
quality and reproducibility of the silica encapsulation of In(Zn)P/GaP/ZnS QDs including the 
variation of the amount of ammonia catalyst or TEOS precursor, the introduction of a pre-
silanisation step (see Figure 2-17 B) as well as the modification of the outer QD shell. Albeit, 
considerable advances were not achieved yet. Further strategies have to be developed in 
order to significantly improve these results. 
2.5 Surface Functionalisation of Silica Coated CdSe/CdS 
2.5.1 Functionalisation of Silica 
Following the described synthesis route, silica coated CdSe/CdS spheres do not have any 
surface functionality. The surface chemistry is mainly determined by silanol and siloxane 
groups. The colloidal stability of the spheres is provided by electrostatic repulsion in the 
slightly alkaline solution since the hydroxyl groups on the surface will be partly 
deprotonated under these conditions.  
Functionalisation of the silica surface is facile and can be achieved using bifunctional 
ligands, with one functional group binding to the silica and another one directed to the 
outside. Such ligands may be for example amino acids or silane ligands. Especially the latter 
group represents a very convenient way of silica surface functionalisation as these ligands 
A B
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can be endowed with any desired functional group such as amine, thiol, carboxylic acid, 
cyano, chlorine or PEG functions. Following the scheme in Figure 2-18, the ligand is 
covalently bond to the silica surface through condensation reaction of the silane group with 
the hydroxyl groups of silica in aqueous solution. 
 
 
Figure 2-18: Silica surface functionalisation with silane ligands 
 
In this work, silica spheres were capped with different silane ligands, including the 
following functional groups with amine, thiol, cyano and chlorine functions. Fourier 
transform infrared spectroscopy (FTIR) was used for the confirmation of the successful 
surface functionalisation. FTIR spectra for silica-QDs functionalised with (3-aminopropyl)-
trimethoxysilane (APTMS) and (3-cyanopropyl)triethoxysilane (CPTES) are exemplarily dis-
played in Figure 2-19 and Figure 2-20. Changes in the spectra of functionalised silica spheres 
compared to non-functionalised silica spheres are shaded in yellow. Since the signal 
originating from a monolayer of silane ligand is quite low compared to the intensive signal 
of relatively large silica particles, the changes are very delicate. In the case of APTMS coated 
silica-QDs, bands in the range of the aliphatic stretching mode and the bending mode of the 
primary amine arise at 2936, 2868 and 1595 cm-1. Between 1200 and 1000 cm-1, several 
additional bands corresponding to modes of the methoxysilanes and the propylsilane 
appear next to the siloxane modes of silica.  
For CPTES coated silica-QDs, the most characteristic change in the IR spectrum is the 
appearance of the nitrile stretching mode at 2250 cm-1. Another verification is the change of 
the appearance of the Si modes between 1200 and 1000 cm-1 due to the presence of 
propylsilane and ethoxysilane modes.  
The kind of surface functionality influences the surface charge of the silica spheres and 
might therefore be important for the colloidal stability in different solvents as well as their 
behaviour in physiological media such as cell membrane adsorption or membrane 
transport49, 50. Graf et al. showed that the -potential of silica spheres in ethanol (-43 ± 2 mV) 
can be changed from highly negative (-56 ± 2 mV), for PEG-silane, to highly positive values 
(+64 ± 3 mV), for APTMS.51 The highly positive surface charge in the case of amine 
functionalisation is due to the basicity of primary and secondary amino groups, whereas the 
-potential remains nearly unchanged after functionalisation with PEG-silane. 
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Figure 2-19: FTIR spectra of APTMS functionalised silica-QD spheres as well as of 
APTMS and non-functionalised silica-QDs for comparison. 
 
Figure 2-20: FTIR spectra of CPTES functionalised silica-QD spheres as well as of 
CPTES and non-functionalised silica-QDs for comparison. 
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In this work, the effect of surface charge in dependence on the functionality was 
exemplarily investigated for amine- and thiol-functionalised silica particles. (3-amino-
propyl)triethoxysilane (APTES) was used for amine capping and (3-mercaptopropyl)tri-
ethoxysilane (MPTES) for thiol capping. The results are displayed in Table 2-3. As already 
mentioned, non-functionalised silica spheres possess a slightly negative surface charge due 
to the partly deprotonated hydroxyl groups on their surface.  
 
Table 2-3: -Potential of silica spheres in dependence on the surface functionality 
Sample Ligand Solvent -Potential [mV] Measurement range [V] 
1 none Ethanol -28.39 +0.7 to -0.5 
2 APTES Ethanol 12.81 ± 2.2 +0.7 to -0.4 
3 MPTES Ethanol -15.84 ± 2.9 +0.7 to -0.5 
 
2.5.2 Tetrazole Capping of Silica Spheres 
5-substituted tetrazole ligands are very favourable for the purpose of facile, fast and 
controllable gelation. Additionally, they do not only allow reversible gel formation but also 
provide the possibility to form a variety of mixed gel structures based on different 
nanoparticle species. As it is crucial for homogeneous mixed gel formation that a similar 
surface chemistry for the different particle species is provided, tetrazole capping of each 
species will enable simultaneous gelation. Tetrazole capping of CdTe and ZnSe QDs and Au 
nanoparticles in aqueous media using 5-mercaptomethyltetrazole (MMTz) and their 
subsequent gelation has already been described by Lesnyak et al. in 201052 and 201153 and 
Wolf et al. in 201254.  
For tetrazole capping of silica spheres, MMTz cannot be used due to the low binding of the 
thiol group to the silica surface. Silane functions on the contrary can easily grow onto silica 
surfaces as described above. Therefore, coupling of the tetrazole to a silane ligand is 
necessary. For this purpose, three potential strategies were developed and performed. 
These will be introduced now in detail. 
2.5.2.1 Synthesis of the Tetrazole Ring Directly onto the Silica Spheres 
The synthesis of 5-substituted tetrazoles can be realised by ring closing or ring conversion 
reactions. However, in most cases, the tetrazole is built up by a ring closing reaction from 
two components, i.e. nitriles and azides.55 For the purpose of tetrazole ring formation, silica  
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Figure 2-21:  Reaction scheme for the synthesis of a tetrazole ring directly onto 
cyano functionalised silica spheres. 
 
spheres were pre-functionalised with a nitrile function using (3-cyanopropyl)triethoxy-
silane (CPTES). The ring closing reaction was carried out in a polar aprotic solvent, i.e. 
dimethylformamide (DMF). Following the scheme in Figure 2-21, the cyano function is 
assumed to react with sodium azide in the presence of ammonium chloride at 120 °C for 20 h 
in a [2+3] cycloaddition to 5-(3-(trimethoxysilyl)propyl)tetrazole. Alas, these reaction 
conditions are very harsh for the silica-QDs. Consequently, they were completely 
degenerated during the reaction which was concluded from the appearance of the 
dispersion, i.e. a brownish precipitate without the characteristic absorption and emission 
colour after the reaction. Hence, this strategy was not suitable for tetrazole functionalisation 
of silica-QDs since the optical properties of the QD core could not be preserved. 
2.5.2.1 Coupling of the Tetrazole Ligand to Silane Functionalised Silica Spheres 
Another strategy involves the covalent coupling of a tetrazole ligand, i.e. 5-chloromethyl-
tetrazole, 1H-tetrazol-5-acetic acid or 5-mercaptomethyltetrazole, to APTMS or 3-(chloro-
propyl)trimethoxysilane (ClPTMS) functionalised silica spheres. Figure 2-22 shows three 
different combinations for covalent linking: a) APTMS capped silica spheres with 5-chloro-
methyltetrazole, b) APTMS capped silica spheres with 1H-tetrazol-5-acetic acid via peptide 
bond and c) ClPTMS capped silica spheres with 5-mercaptomethyltetrazole. The reaction 
conditions were chosen to be more compatible to the QDs to prevent them from losing their 
optical properties, but it became apparent that no reaction was taking place as a result of 
this. Increased temperatures would be favourable in this case to initialise the click reaction. 
However, this might again affect the stability of the silica-QDs. It was therefore concluded 
that it would be more promising to firstly synthesise a silane ligand coupled to a tetrazole 
group and to functionalise the silica-QDs afterwards. 
2.5.2.2 Synthesis of Tetrazole Silane Ligand Prior to Silica Functionalisation 
Since the first two approaches led to either a degradation of the QDs or no covalent linking 
between the tetrazole and the silane ligand, a third strategy was developed that separated 
the silane-tetrazole coupling and the silica functionalisation into two steps as shown in 
Figure 2-23. By this, the silica-QDs are prevented from exposure to harsh conditions. In step  
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Figure 2-22: Reaction scheme for the covalent coupling of a) APTMS capped silica 
spheres with 5-chloromethyltetrazole, b) APTMS capped silica spheres 
with 1H-tetrazol-5-acetic acid and c) ClPTMS capped silica spheres with 
5-mercaptomethyltetrazole. 
 
 
Figure 2-23: Reaction scheme for covalent coupling of 5-chloromethyltetrazole with 
APTMS and subsequent functionalisation of silica spheres. 
 
a), 5-chloromethyltetrazole (ClMTz) is mixed with an equimolar amount of APTMS and 
triethylamine in anhydrous tetrahydrofurane (THF) and slightly heated to boiling under 
inert atmosphere. After 6 hours, the reaction is completed and the product 5-(3-(tri-
methoxysilyl)propylaminomethyl)tetrazole (TMSPAMTz) is isolated by filtration and 
solvent evaporation. The white crystalline product is very moisture sensitive and thus 
should be kept under inert atmosphere for storage. In the second step b), the tetrazole 
silane is grown onto the silica surface in alkaline aqueous solution following the mechanism 
described in chapter 2.5.1. 
The structure of the synthesised product of step a) was confirmed using FTIR 
spectroscopy and NMR spectroscopy. Figure 2-24 displays the FTIR spectra of the product 
a
) 
b
) 
c
) 
a
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TMSPAMTz and the two educts APTMS and ClMTz. In the case of APTMS, which was 
hydrolysed before the measurement to ensure the integrity of the ATR crystal, stretching 
modes of the primary aliphatic -NH2 group are observed at 3433, 3369 and 3294 cm-1 as 
well as the bending mode at 1595 cm-1. In addition, other characteristic vibration bands are 
present, i.e. C-H stretching of the alkyl chain at 2936 cm-1 and several modes corresponding 
to the silane group at 1227 (Si-CH2CH2CH3), 1100, 1075 (doublet, Si-OEt) and 1015 (Si-O-Si). 
The spectrum of ClMTz exhibits a weak broad –NH stretching mode at around 3350 cm-1 
and C-H stretching modes at 3028, 2980 and 2868 cm-1. Below 1600 cm-1, several stretching 
modes of the heteroring can be monitored, i.a. 1560, 1440, 1410, 1260 and 1250 cm-1. 
Between 1200 and 900 cm-1, absorption bands in the IR appear, which are caused by the 
deformation vibrations of the cycle, i.a. 1053 and 905 cm-1. The absorption band at 
2105 cm-1 is caused by the stretching mode of azide impurities. Sodium azide is used in the 
synthesis of ClMTz together with chloroacetonitrile for the ring closing reaction. With 
respect to the amount of chloroacetonitrile, sodium azide is used in excess. The excess is 
supposed to be deactivated with hydrochloric acid solution but appears to be incomplete. 
Thus, small residues of azide can be still found in ClMTz.  
In the IR spectrum of TMSPAMTz, characteristic absorption bands of both, APTMS and 
ClMTz, can be observed. The resulting spectrum is quite complex due to overlapping bands 
corresponding to the tetrazole ring and the silane group. C-H stretching modes at 2936 and 
2868 cm-1 and stretching modes of the tetrazole ring between 1600 and 1200 cm-1 are 
observed in the spectrum. The vibration of the azide impurity at 2105 cm-1 is also present. 
Stretching and deformation modes of the tetrazole ring below 1600 cm-1 can be found in the 
spectrum of TMSPAMTz too, overlaid by several modes of the silane group, i.e. at 1104 and 
1025 cm-1. Owing to the presence of absorption bands from both species, APTMS and ClMTz, 
the successful coupling of the tetrazole function to the silane ligand was confirmed.  
For additional verification, NMR spectroscopy of several batches of TMSPAMTz was 
performed. Corresponding 1H and 13C NMR data of TMSPAMTz and APTMS can be found in 
the Appendix (Figures A-9 to A-12). Their interpretation also approved the formation of the 
targeted tetrazole derivative. The assigned signals in Figure 2-25 correspond to the chemical 
shifts (in ppm) of the specific groups in 13C (blue) and 1H NMR (red). In some spectra, the 
signal of the heteroring carbon atom (151.6 ppm) is absent. However, this is quite common 
within the tetrazole family. In comparison with the spectrum of the initial silane APTMS, an 
additional signal at 67.5 ppm was observed for the tetrazole derivative. This signal is 
attributed to the methylene group directly attached to tetrazole ring. The 1H NMR spectra of 
the tetrazole-silane as well that of APTMS are quite complex but look very similar. It should 
be noted that in the case of TMSPAMTz, an additional singlet of the methylene group 
directly attached to tetrazole ring is also observed at around 4.5 ppm. 
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Figure 2-24: FTIR spectra of TMSPAMTz and the educts APTMS and ClMTz. 
 
 
Figure 2-25: Structure of TMSPAMTz with assigned 13C and 1H NMR signals. 
 
TMSPAMTz was then grown onto the surface of silica-QDs, in alkaline aqueous solution. 
The successful functionalisation of the silica-QDs with the newly developed tetrazole ligand 
was confirmed with FTIR spectroscopy. As already discussed before, the changes in the 
spectrum are very delicate when coating with only a thin layer of silane ligand. But 
characteristic modes of TMSPAMTz can be identified and are shaded in yellow in Figure 
2-26, i.e. C-H stretching modes at 2936 and 2868 cm-1 and stretching modes of the tetrazole 
ring between 1600 and 1200 cm-1 overlaid by modes of the silane group. The vibration of 
the azide impurity at 2105 cm-1 is still present but very weak.  
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Figure 2-26: FTIR spectra of TMSPAMTz functionalised silica-QD spheres as well as 
of TMSPAMTz and non-functionalised silica-QDs for comparison. 
 
The successful tetrazole functionalisation was further confirmed by test gelation. Upon the 
addition of zinc acetate solution, the functionalised silica spheres formed a gel due to metal 
ion assisted complexation of the tetrazole rings,56 whereas non-functionalised silica spheres 
remained in solution.  
After functionalisation, the optical properties of the tetrazole capped silica-QDs were 
studied. It was expected that no influence on the optical properties of the QDs core will 
occur since the ligand is attached to the silica shell and not directly to the QDs. Two 
representative tetrazole capped samples are exhibited in Figure 2-27. Regarding the 
absorption in A, no significant shift of the absorption maxima is observed, however, a 
broadening and increased background over the entire measurement range is encountered. 
The PL emission properties are preserved during the functionalisation as well. From Figure 
2-27 B, no spectral shifts or peak broadening is observed. Furthermore, the PL decay shown 
in the inset of the diagram for one of the samples also remains nearly unchanged.  
It should be noted that for the deprotonation of the tetrazole rings in order to ensure the 
colloidal stability of the tetrazole capped silica-QDs, sodium hydroxide solution is added. 
The consequential increase of the pH value from originally 10 to maximum 12.5 was found to 
increase the PL intensity in the most cases. This behaviour is exemplarily shown for one 
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sample in Figure 2-28 A. Within 4 hours, the PL intensity strongly increases and remains 
stable for the following 8 hours of observation. As can be seen from the analysis of the TEM 
images before and after NaOH addition in Figure 2-28 B and C, this is probably due to 
corrosive effects on the particles. On the one hand, the silica shells are slightly etched as can 
clearly be seen from the TEM images, by deformation of the spherical shape and slight 
reduction of the spheres’ size. On the other hand, hydroxide ions my come in contact with 
the QD surface and bind to free cadmium sites. The formation of Cd2+⋯OH- or eventually a 
very thin layer of cadmium hydrous oxide has been reported in the literature to increase the 
PL intensity and might be an explanation for the observed brightening.57  
 
 
Figure 2-27: (A) Absorption and (B) PL emission spectra of two silica-QD samples 
without functionalisation (straight line) and with tetrazole capping 
(dashed line). The inset in (B) shows the PL decay of one of the samples 
before and after functionalisation. 
 
Figure 2-28: Tetrazole capped silica-QDs upon pH increase to 12.5. (A) Time resolved 
change of PL intensity upon pH increase and TEM images before (B) and after 
(C) NaOH addition. 
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2.6 Summary and Outlook 
Within this chapter, the preparation of nanoparticulate units as well as silica encapsula-
tion and surface functionalisation were presented. The synthesis of fluorescent CdSe/CdS 
QDs and CdSe/CdS/ZnS QDs was done using a standard hot-injection route and subsequent 
SILAR coating. As a less toxic alternative to Cd-based QDs, an In(Zn)P/GaP/ZnS 
core/shell/shell QD system was presented. The preparation was based on an established 
synthesis route that was modified in order to tune the emission colour within the visible 
spectral range. An alloyed InP/ZnS core was found to shift the emission wavelength of the 
core/shell/shell system to shorter wavelengths down to 500 nm whereas a seeded-growth 
approach enabled a redshift up to 650 nm. High PL QYs of 30 to 60 % and quite narrow 
FWHM of 45 to 70 nm were achieved within the whole accessible spectral range. Although 
these are good results for an In-based system, the material does still not meet the standard 
of their Cd counterparts. Further engineering of the core/shell/shell is therefore suggested. 
Besides fluorescent QDs, plasmonic Au NP of different sizes and shapes were prepared as 
well, i.e. small spherical Au NPs with a mean diameter of 5.9 nm, larger spherical Au NPs 
with a mean diameter of 26.5 nm and Au NRs with an average width of 12.4 nm and an 
average length of 23.6 nm. Successful tetrazole capping using METz was demonstrated for 
the smaller NPs and the NRs without a drastic change of their optical properties. The ligand 
exchange in the case of the larger NPs is still challenging, as these particles seem to respond 
very sensitively towards changes of their surface and turn unstable. Supporting the stability 
during the ligand exchange seems to be essential. In the case of Au NRs for example, 
although they are of similar size, the particles remain stable which is probably due to a 
positive influence of residual CTAB. Thus, alternative ligand exchange routes using 
additional ligands (e.g. detergents) or coordinating solvents should be developed.  
A point of main effort of this work was the establishment of a homogeneous silica coating 
on fluorescent QDs. This was realised by a reverse microemulsion approach using 
hydrophobically capped QDs since this method was found to reproducibly provide more 
uniform shell coatings as compared to the Stöber approach or a microemulsion based 
synthesis using hydrophilically capped QDs. The silica shell thickness was varied from 
around 10 to 15 nm. The characterisation of the resulting silica-QDs revealed that beside its 
transparency, the silica shell is X-ray amorphous and possesses a significant porosity 
(SBET = 102 m2/g) with pore sizes in the micro- and mesoporous range. The optical 
properties of the QDs are preserved during the silica coating. However, a certain loss of PL 
intensity is encountered during shell coating, presumably due to the formation of non-
radiative relaxation pathways.  
In order to increase the quantity of silica-QD material of one batch, efforts on synthesis 
up-scaling should be done. The amount of coated QDs is restricted to the micelle 
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concentration in the microemulsion approach. An increase of detergent concentration 
would not lead to an increase of micelle concentration but effect the micellar shape. Solely 
the proportional upscaling of all components would be appropriate and was already 
successfully achieved for blank silica spheres without QDs to a 16-fold amount. 
Corresponding experiments including QDs are suggested as well as a recycling route for the 
anhydrous solvent cyclohexane which is used in excess. 
Whereas shell uniformity and reproducibility are sufficiently well achieved, the PL 
preservation during shell coating is a challenging matter that has to be taken care of. Recent 
publications showed great improvements on this matter by appropriate surface 
engineering, i.e. surface capping with adenosin-5-monophosphate or silanisation in the 
presence of additional metal ion precursor and stabilising agents. The maintenance of an 
unimpaired surface appears to be a crucial issue in this procedure. From the studies of this 
work, the interaction of the QDs with ammonia and the QD material itself (CdS or ZnS 
terminated) are important factors for the extent of the PL loss. Further studies will be 
necessary to clear the exact cause of the PL loss and thereupon establish procedures to 
avoid it. XPS measurements for example might help to understand changes of the QD surface 
during the shell coating, such as the formation or break of bonds. Thereby a wider QD 
material range should be considered in order to gain a generally valid insight. An 
appropriate set of samples would for example be CdSe with ML coatings of CdS and ZnS in 
different number and sequence.  
When new strategies were to successfully be implemented with this knowledge, silica 
coating of InP-based QDs might advance as well. So far, homogenous shell coating was not 
achievable and the PL intensity of the resulting silica-QDs is negligible. The most promising 
approach in here would be the presilanisation of the QDs followed by a thicker shell growth. 
While the presilanisation should focus on the preservation of the optical properties, the 
subsequent growth of uniform shells should be facilitated when an initial silane layer is 
applied on the beforehand. 
With respect to further assembly, silica-QDs were aimed to be functionalised with 
tetrazoles. For this purpose, the ligand TMSPAMTz was developed to specifically bind to the 
silica surface via a silane group while providing tetrazole functionalities on the outside. 
Surface functionalisation of silica-QDs was found to have no influence on the spectral 
positions of the absorption or PL emission maxima. This new type of ligand enables facile 
and fast tetrazole capping of silica surfaces and might not be restricted to silica. Thus, the 
applicability to for example other metal oxides should be studied in future investigations.  
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3.1 Hydrogels and Aerogels from Tetrazole Capped QDs 
The metal ion assisted complexation of tetrazole capped QDs introduced by Lesnyak et al.1 
provides an easy, fast, controllable and reversible method to prepare gels or mixed gels 
from a wide range of materials in a non-classical way. Under basic conditions, negatively 
charged tetrazolate anions that possess a high nucleophilicity and coordination ability 
towards transition metals2, 3 are known to form stable complexes with cations, e.g. Cd2+ or 
Zn2+, in water. In these complexes, the heteroring exhibits bridging modes through several N 
atoms coordinated to the metal cations what predetermines the polymeric structure of the 
formed complexes4, 5 and the ability of tetrazolates to metal ion assisted hydrogelation6. This 
enables the chance to interconnect the particles by metal ion assisted complexation of the 
tetrazole rings leading to a non-ordered 3D structure with high porosity (see Figure 3-1). 
Although the typical emission properties of the initial quantum confined nanocrystal 
building blocks could be preserved, a certain quenching of the PL intensity is usually 
observed in these structures compared to the colloidal solutions of the nanoparticles due to 
the close contact of the fluorescent nanocrystals to each other. Since presumably energy 
transfer processes from smaller donor to larger acceptor nanocrystals, following Fo rster or 
Dexter mechanisms, are responsible for the quenching, introducing a spacer into the 
network and thus increasing the distance between the nanoparticles to a certain value 
might be a possibility to avoid this quenching behaviour since the energy transfer efficiency 
is a function of distance.1, 7 
 
 
Figure 3-1: Mechanism of gel formation by metal ion assisted complexation of 
mercaptomethyltetrazole capped QDs. 
Cd2+
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The Dexter process requires a wave function overlap between the donor and the acceptor 
that allows electron exchange, limiting the range of this process to short distances within 
1 nm. The efficiency of this process is expressed by the energy transfer rate kET: 
 
𝑘𝐸𝑇 ∝ 𝐽𝑒𝑥𝑝 (
−2𝑟
𝐿
) (3.1) 
 
where r is the distance between donor and acceptor, L is the sum of the Van der Waals radii 
of donor and acceptor and J is the spectral overlap integral between donor emission and 
acceptor absorption. 
 
𝐽 = ∫ 𝐹𝐷(𝜆)
∞
0
𝜖𝐴(𝜆)𝜆
4𝑑𝜆 (3.2)  
 
FD(λ) is the fluorescence intensity of the donor in the certain wavelength range normalised 
to an area of 1 and ϵA(λ) is the extinction coefficient of the acceptor at λ. 
The Fo rster resonance energy transfer (FRET) possesses a longer range, typically up to 
10 nm since the energy transfer is realised by non-radiative dipole-dipole coupling. The 
transfer rate is given by: 
 
𝑘𝐸𝑇 =
1
𝜏𝐷
(
𝑅0
𝑟
)
6
 (3.3) 
𝑘𝐸𝑇 , 𝑅
6 ∝ 𝐽 (3.4) 
 
where τD is the fluorescence decay rate of the donor in absence of the acceptor, R0 is the 
Fo rster distance and r is the distance between donor and acceptor.  
In order to disable these processes and hence avoid quenching effects, applying a 
dielectric shell of at least 10 nm thickness on fluorescent QDs, consisting of silica or polymer 
(e.g. polystyrene), might be an option.  
As one part of this work was to improve the tetrazole based gelation procedure with 
respect to the optical properties of the QDs, the interparticle distance was increased by 
applying a transparent dielectric shell. Silica was chosen for that purpose since it provides 
suitable optical and chemical properties and well-established synthesis methods. The herein 
developed working procedure is schematically shown in Figure 3-2. In the first step, the QDs 
are coated with the silica shell using a microemulsion approach (see chapter 2.4). Following 
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this, a non-classical gel formation is performed by surface capping with the tetrazole ligand 
TMSPAMTz, specially designed to bind to the silica surface and subsequent metal ion 
addition. The pores of the gel formed during this step are filled with water, therefore it is 
called hydrogel. By exchanging the solvent with air using supercritical point drying, an 
aerogel is obtained.  
This pathway is supposed to be adaptable to a broad spectrum of QD materials and should 
allow for homogeneous mixed gel formation from different silica/QD species as well as 
silica/QDs and tetrazole capped metal NPs.  
 
 
Figure 3-2: Schematic pathway of luminescent silica gel formation. In the first step, 
organically synthesised CdSe/CdS core/shell QDs are covered with a silica 
shell using a reversed microemulsion technique. After coating with a 
specially designed tetrazole ligand, the hydrogel is formed by metal ion 
assisted complexation in the second step. Subsequently, the aerogel can be 
achieved by supercritical point drying. 
3.2 Gel Formation of Tetrazole Capped CdSe/CdS/Silica 
The incorporation of QDs into a silica matrix is a topic that has been widely discussed and 
investigated in the past decade.8-13 Composite structures, ranging from thin films to 
monolithic items, were produced by surface modification of QDs using organofunctional 
alkoxysilanes followed by a sol-gel process. This route involves a co-condensation of 
alkoxysilanes and organoalkoxysilane capped QDs and thus allows the QDs to become a part 
of the covalent network. However, their distribution in the structure is rather random. 
Silica 
Coating
Tetrazole
Capping
Gel 
Formation
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In this work, the non-classical gelation by metal ion assisted complexation following the 
procedure of Lesnyak et al.1 was adapted for the 3D arrangements of silica-QDs, as described 
in the previous chapter 3.1. In comparison to above mentioned QD-silica monoliths, these 
gels are not derived via a sol-gel process but through interconnection of silica coated QDs. A 
homogeneous distribution of the QDs in the whole structure with a distinct and controllable 
distance to each other is provided this way. As a result of this, energy transfer processes can 
be controllably enabled/disabled by adjusting the silica shell thickness. 
3.2.1 Formation of Hydrogels and Aerogels 
After successful encapsulation of the QDs with silica and surface functionalisation with the 
newly developed tetrazole ligand, 5-(3-(trimethoxysilyl)propylaminomethyl)tetrazole 
(TMSPAMTz), gel formation can now be performed. The controllable interconnection of the 
tetrazole capped silica-QDs by metal ion assisted complexation leads to a 3D structure. This 
non-classical gelation has not been applied for the preparations of silica gels so far. The 
resulting hydrogel is a very porous non-ordered network as can be seen from TEM images. 
As an example, the TEM image of a hydrogel formed from 20 nm sized silica-QDs is shown in 
Figure 3-3 A. The network is built up from silica nanospheres that have been connected 
during the gelation and formed the wirelike 3D assembly. Owing to the silica shell, the QDs 
are well separated from each other in the resulting gel, which has a positive effect on the 
emission properties as will be discussed below. Due to the transparency of the shell 
material, the hydrogel is also transparent. See therefore the photograph in Figure 3-3 B 
taken in top view, which shows a hydrogel inside a cuvette. The letters underneath the 
hydrogel can be clearly seen. 
For the purpose of obtaining a fluorescent solid material, the silica-QD hydrogel can be 
converted into an aerogel by supercritical CO2 drying. This is a very gentle method to 
exchange the solvent in the fine pores of the 3D network with air while maintaining the 
porous structure and avoiding shrinking of the gel and thus fissures in the material as well 
as possible. Figure 3-3 C shows a SEM image of a silica-QD aerogel produced by this critical 
point drying procedure. It reveals that the characteristic spongelike structure is preserved 
during the washing and solvent exchange procedure. The aerogel structure is also robust 
against moisture due to the high stability of the tetrazole-metal ion complex. 
The resulting silica-QD aerogel combines the typical properties of a silica aerogel, e.g. 
white transparent appearance, with those of a QD aerogel. Regarding the photographs in 
Figure 3-3 D and E, the aerogel seems to appear as a plain silica gel, still slightly displaying 
the absorption colour of the QDs under daylight, whereas the bright emission colour of the 
QDs becomes visible when the illumination is changed to UV light (exc = 365 nm). The 
emission properties in terms of emission peak wavelength and FWHM are preserved during 
the transition from colloidal solution to aerogel (see Appendix, Figure A-13). 
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Figure 3-3: Hydrogel and Aerogel from CdSe/CdS/Silica. (A) TEM image and (B) 
photograph of a silica hydrogel formed from 20 nm sized silica-QDs. An 
aerogel is obtained after supercritical point drying. (C) SEM image and (D) 
and (E) a photograph of the solid aerogel under daylight and UV light. (F) 
Nitrogen physisorption (at 77K) isotherm. 
 
The porosity of the aerogel was determined by a nitrogen physisorption measurement at 
77 K. The corresponding isotherm is displayed in Figure 3-4 A. A definite assignment of the 
isotherm according to IUPAC classification cannot be done but it resembles a type II 
isotherm with a type H3 hysteresis. The strong gas adsorption at high relative pressures 
p/p0 > 0.9 and the lack of a saturation level are evidence for the existence of macropores. 
Furthermore, the hysteresis in the relative pressure range from 0.2 to 0.9 indicates the 
existence of smaller pores in the mesoporous region. This can be confirmed by the nonlocal 
density functional theory (NLDFT) pore size distribution shown in Figure 3-4 B, revealing 
the presence of pores in the range of 2 to 5 nm. The BET SSA was determined to be 
275.8 m2/g and the total pore volume was 2.201 cm3/g. 
200 nm 20 nm
0.5 cm
A B
C D E
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Figure 3-4: Nitrogen physisorption at 77 K of a silica-QD aerogel. (A) Nitrogen 
physisorption isotherm and (B) NLDFT pore size distribution. 
 
Monitoring the gel formation process, the optical properties of the silica encapsulated QDs 
were studied by using absorption and fluorescence spectroscopy as well as fluorescence 
lifetime measurements. The results, displayed in Figure 3-5, were compared to those of pure 
QD gels. Lesnyak et al. studied the development of absorption and fluorescence spectra 
during the gelation and degelation of tetrazole capped CdTe nanocrystals. Upon 
hydrogelation, an increase of absorbance was reported due to increased scattering. Based 
on the absorption spectra in Figure 3-5 A, the same trend can be observed for the silica-QDs. 
The occurrence of diffuse reflectance leads to an increase of the absorption in the whole 
measurement range, but the 1st absorption maximum of the QDs is not affected. Neither the 
peak area nor the peak position is changed. This was proven by absorption measurement 
with an integrating sphere setup which eliminates scattering effects (see Appendix, 
Figure A-14). Furthermore, Lesnyak et al. described a decrease of PL intensity accompanied 
by a redshift of the PL maximum and a much faster decay of the PL in the CdTe hydrogel. 
This quenching effect is presumably caused by resonant energy transfer from smaller donor 
particles to bigger acceptor particles. At this point, regarding the PL development in Figure 
3-5 B, the advantage of using a spacer to create a defined distance between the QDs becomes 
apparent. In hydrogels formed from silica encapsulated QDs, the PL properties of the 
nanoparticles are not changed in comparison to the colloidal solution. The absorption 
remains unaffected, the PL spectrum does not display a shift of the emission maximum and 
the PL decay does not change from the colloidal silica-QD solution to the hydrogel, meaning 
that energy transfers are successfully disabled due to the applied silica coating. Additionally, 
instead of a decrease of the PL intensity as for CdTe gels, silica-QDs show an apparent 
increase of the PL intensity upon gel formation, see Table 3-1. However, this increase is not 
confirmed by PL QY measurements as can be seen from Table 3-2. This observation is a 
result solely of the increased emitter concentration induced by the volume contraction 
10 100 1000
0.0
0.5
1.0
1.5
2.0
2.5
C
u
m
u
la
ti
v
e
 P
o
re
 V
o
lu
m
e
 [
c
m
3
/g
]
Pore radius [Å]
 V
0.00
0.01
0.02
0.03
0.04
0.05
0.06
 dV(r)
d
V
(r
) 
[c
m
3
/Å
/g
]
0.0 0.2 0.4 0.6 0.8 1.0
0
200
400
600
800
1000
1200
1400
1600
 Adsorption
 Desorption
V
o
lu
m
e
@
S
T
P
 [
c
m
3
/g
]
Relative pressure [p/p
0
]
A B
10 100 1000
0.0
0.5
1.0
1.5
2.0
2.5
C
u
m
u
la
ti
v
e
 P
o
re
 V
o
lu
m
e
 [
c
m
3
/g
]
Pore radius [Å]
 V
0.00
0.01
0.02
0.03
0.04
0.05
0.06
 dV(r)
d
V
(r
) 
[c
m
3
/Å
/g
]
  
Monolithic Hydrogels and Aerogels from Silica Coated QDs 
 
 
 
61 
 
during colloid to gel transition. More precisely, the volume of illumination remains the same 
during the measurements, but the amount of particles in this certain volume is increased 
due to contraction during the gel formation.  
 
 
 
Figure 3-5:  Reversible gel formation monitored by absorption and fluorescence 
spectroscopy. (A) absorption spectra during gel formation. The stepwise 
addition of Zn2+ ions to the tetrazole capped silica-QDs leads to successive gel 
formation indicated by the steadily increasing absorption caused by 
scattering. The corresponding fluorescence spectra (B) meanwhile show an 
increase of the PL intensity. Since the position of the 1st absorption and the 
emission maximum do not change during gel formation, it is suggested that 
the nanocrystals are well separated because of the silica shell and thus do 
not interact with each other. This also corresponds to the PL decays, inset in 
(B), where no difference between the QD solution and the hydrogel is 
observed. (C) and (D) show the absorption and fluorescence spectra during 
the dissolution of the gel by stepwise addition of EDTA solution. The 
opposite progress of these spectra compared to (A) and (B) shows the 
reversibility of this process. 
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Table 3-1: Development of the relative PL intensity and PL lifetime upon Zn2+ 
addition 
sample PL I/I0 τ [ns] 
original colloidal solution 1 10.0 
hydrogel 1.83 9.6 
dissolved gel 1.02 9.5 
  
 
Table 3-2: PL QY of different silica-QD samples before and after gel formation 
sample λem [nm] PL QY in colloidal solution [%] PL QY in hydrogel [%] 
CR71C batch 1 574 22.04 22.03 
CR71C batch 2 574 18.25 17.53 
CR73D 623 15.70 15.57 
CR59B 583 14.11 16.82 
 
 
As already mentioned before, this gelation process is reversible and degelation can be 
achieved by adding a stronger complexing agent, i.e. EDTA. With respect to the tetrazole-
metal ion complexes, complexes of metal ions with EDTA are more stable. Therefore, the 
metal ions are removed from the network and a colloidal nanoparticle solution is re-
established. In the case of silica-QD gels, the addition of an equimolar amount of EDTA with 
respect to the amount of Zn2+ leads to complete dissolution of the gel as can be seen from 
the absorption spectra in Figure 3-5 C as decreased scattering. 
The resulting clear, colloidal solution can restore 100% of the PL intensity of the initial 
solution, whereas in pure CdTe gels only 80% of the initial PL intensity can be restored. The 
main reason for the latter may be the formation of additional trap states by the interaction 
of the EDTA molecules with the nanoparticle surface. Since the surface of the QDs in silica-
QD gels is protected by the silica shell, these PL losses are not observed here. Although the 
silica shell was proven to be porous, it apparently provides sterical hindrance to EDTA 
molecules. 
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3.2.2 Healing Effect  
Monitoring the gelation of different batches of silica coated CdSe/CdS QDs analogue to the 
experiment shown in Figure 3-5, a different behaviour than explained previously was 
observed when particle batches of lower PL QY were used. The gelation of the low QY silica-
QDs was also performed by Zn2+ ion addition to the colloidal solution. The results of the 
gelation monitoring displayed in Figure 3-6 are in good agreement with those from Figure 
3-5 except for one main difference. Upon stepwise Zn2+ ion addition to the colloidal silica-QD 
solution, a healing process is observed before the gelation takes place. The healing is 
observable as an increase of PL intensity and PL lifetime while the absorption remains 
unchanged. When healing is completed, further Zn2+ ion addition leads to gel formation with 
the same characteristics as shown in Figure 3-5, i.e. increase of PL intensity and absorption 
due to scattering and unchanged PL lifetime. Subsequently, the addition of an excess amount 
of EDTA referred to the amount of Zn2+ added previously leads to complete gel dissolution. 
Hence the absorption decreases to the value of the initial colloidal solution. The PL intensity 
also decreases but only to the value that was reached after healing and the PL lifetime 
remains unchanged. For easier comprehensibility, corresponding numerical values for the 
PL intensity relative to the original colloidal solution and the mean lifetime are given in 
Table 3-3.  
 
Table 3-3:  Development of the relative PL intensity and PL lifetime upon Zn2+ 
addition 
sample PL I/I0 τ [ns] 
original colloidal solution 1 5.9 
after healing 1.77 7.9 
hydrogel 2.14 8.0 
dissolved gel 1.72 7.6 
 
In short, a permanent healing of the silica-QDs takes place due to the influence of Zn2+ ions. 
Since this effect was solely observed for low QY particles (PL QY < 15%), it is suggested that 
the surface of these QDs is not saturated and trap states or surface defects may be cured by 
metal ions. 
From earlier studies it is known that the addition of metal ions to QD solutions may lead to 
surface healing and thus an increase of PL QY.14-16 In order to enable healing, a direct contact 
between the metal ions and the QD surface is required. Since the silica shell around the QDs 
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Figure 3-6: Reversible gel formation with prior surface healing monitored by 
absorption and fluorescence spectroscopy. First additions of Zn2+ lead to a 
surface healing (the amounts of Zn2+ correspond to a 0.01 M solution). The 
Absorption (A) remains unchanged but the PL intensity (B) and the PL 
lifetime (C) are enhanced. Further Zn2+ addition leads to gel formation, 
characterised by an increased absorption (D) due to increased scattering and 
an increased PL intensity (E). The PL lifetime (F) does not change during gel 
formation. Dissolution of the gel is performed by the addition of an excess 
amount of EDTA. The gel is completely dissolved as can be seen from the 
corresponding absorption spectrum (G). The PL intensity (H) decreases to 
the state after surface healing, which means that the PL intensity of the 
dissolved gel is higher than the initial solution. PL lifetime (I) also does not 
change during degelation and remains at the state after surface healing. 
 
is not densely packed but rather porous, as discussed in chapter 2.4.2, small species, such as 
metal ions, are allowed to pass through the shell and to interact with the QD core. This 
interaction is observable as a permanent enhancement of the PL intensity and PL lifetime in 
this case. Upon dissolution of the gel, the Zn2+ ions from the gel network are removed but 
the Zn2+ ions responsible for the surface curing assumedly are out of range, due to sterical 
hindrance of EDTA by the silica shell. Thus the gel is dissolved while the PL healing remains. 
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3.2.3 Variation of the Complexing Cation 
The previous chapter 3.2.2 showed that the interaction of silica-QDs with metal ions may 
causes remarkable changes of the optical properties. To see whether this behaviour is solely 
observed for Zn2+ ions or if other metal ions may cause similar results, the complexing metal 
ion for hydrogelation was varied. Following cations were deployed: Cd2+, Pb2+, Ag+. 
 
 
Figure 3-7: Reversible gel formation with prior surface healing monitored by 
absorption and fluorescence spectroscopy. First additions of Cd2+ lead to 
a surface healing (the amounts of Cd2+ correspond to a 0.01 M solution). The 
Absorption (A) remains unchanged but the PL intensity (B) and the PL 
lifetime (C) are enhanced. Further Cd2+ addition leads to gel formation, 
characterised by an increased absorption (D) due to increased scattering and 
an increased PL intensity (E). The PL lifetime (F) is slightly increased during 
gel formation. Dissolution of the gel is performed by the addition of an excess 
amount of EDTA. The gel is completely dissolved as can be seen from the 
corresponding absorption spectrum (G). The PL intensity (H) decreases to 
the initial value, which means that the PL intensity of the dissolved gel is 
equal to the initial solution. The PL lifetime (I) also returns to the value of the 
initial colloidal solution. 
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Owing to their equal charge, Cd2+ and Pb2+ were expected to act relatively similar with 
respect to metal-complex formation and thus hydrogelation. However, a different behaviour 
is not excluded since the differing ionic radii may affect the complex stability constants. For 
Cd2+ and Pb2+, the same experiment as shown in chapter 3.2.2 for Zn2+ was performed. The 
detailed spectroscopical data are displayed in Figure 3-7 and Figure 3-8.  
 
 
Figure 3-8: Reversible gel formation with prior quenching monitored by 
absorption and fluorescence spectroscopy. First additions of Pb2+ lead to 
a quenching (the amounts of Pb2+ correspond to a 0.01 M solution). The 
Absorption (A) remains unchanged but the PL intensity (B) and the PL 
lifetime (C) are decreased. Upon further Pb2+ addition, a gel is formed, 
characterised by an increased absorption (D) due to increased scattering and 
an increased PL intensity (E). The PL lifetime (F) does not change during gel 
formation. Dissolution of the gel is performed by adding an excess amount of 
EDTA. The gel is completely dissolved as can be seen from the corresponding 
absorption spectrum (G). The PL intensity (H) further decreases, which 
means that the PL intensity of the dissolved gel is much lower than the initial 
solution. PL lifetime (I) remains unchanged during degelation. 
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It was found from these experiments that gel formation can be performed with both of 
these metal ions too. Additionally, with respect to the optical properties of the silica-QDs, Cd 
ions behave very similar to Zn ions, whereas in the case of Pb ions an opposite behaviour is 
observed. Numerical values for the PL intensity relative to the original colloidal solution and 
the mean lifetime are given in Table 3-4 and Table 3-5.  
 
Table 3-4: Development of the relative PL intensity and PL lifetime upon Cd2+ 
addition 
sample PL I/I0 τ [ns] 
original colloidal solution 1 5.5 
after healing 1.65 7.0 
hydrogel 2.01 7.6 
dissolved gel 1.06 5.5 
 
 
Table 3-5: Development of the relative PL intensity and PL lifetime upon Pb2+ 
addition 
sample PL I/I0 τ [ns] 
original colloidal solution 1 5.4 
after quenching 0.55 3.3 
hydrogel 0.56 3.3 
dissolved gel 0.42 3.1 
 
 
Just as in the case of Zn2+, a healing is observed prior to gel formation upon stepwise 
addition of Cd2+ ions. This healing is characterised by an increase of PL intensity and lifetime 
while absorption remains unchanged. The extent of healing is similar but a little bit lower 
then that of Zn2+. Whereas in the case of Zn2+ the PL intensity was increased by a factor of 
1.77, it is increased by a factor of 1.65 in the case of Cd2+. Further Cd2+ addition leads to 
gelation, which is indicated by an increased absorption and PL intensity due to scattering. 
The PL lifetime is slightly increased as well, indicating that the healing and gelation period 
were not fully separated in the case of Cd2+ addition and further healing occurred 
simultaneously with gelation. Upon addition of EDTA, the most significant difference 
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between Zn and Cd ions becomes apparent. Whereas a permanent healing was observed for 
Zn2+, the dissolved gel in the case of Cd2+ returns exactly to the state of the original colloidal 
solution. Thus, the observed healing in this case is just temporary. 
When using Pb2+ as complexing metal ion during hydrogelation, subsequent addition of 
Pb2+ leads to a quenching prior to gelation. During this period, the absorption remains 
unchanged but the PL intensity is decreased by a factor of 0.55 and the PL lifetime is 
shortened. Upon further Pb2+ addition, a gel is formed, characterised by an increased 
absorption due to increased scattering. The PL intensity and PL lifetime do not change 
during gel formation. Dissolution of the gel is performed by the addition of EDTA and is 
monitored as a decrease of the absorption. The PL intensity further decreases, which means 
that the PL intensity of the dissolved gel is much lower than the initial solution. PL lifetime 
remains nearly unchanged during degelation. In short, the interaction of silica-QDs with Pb2+ 
ions results in a permanent quenching in terms of PL intensity and PL lifetime. Such 
quenching effects could be ascribed to inner filter effects, non-radiative recombination 
pathways or electron transfer processes.17 
As a third alternative, Ag+ was used for the gelation of silica-QDs. It was found that the 
complexing ability of silver with tetrazoles was quite low. Instead of controlled gel 
formation, solely undesirable precipitation was observed. Furthermore, a spontaneous 
phase modification occurred upon the addition of Ag ions, indicated by an instantaneous 
colour change from yellow to dark brown.  
3.2.4 Manipulation of the QD Core by Ion Exchange 
An interesting property of silica-QDs and their gels that evolves from the porosity of the 
silica shells is the possibility to change the original CdSe/CdS QD core by ion exchange. Such 
ion exchange experiments have been demonstrated in the literature 18-22 and are a very 
promising route to expand the repertoire of QD based gels. Syntheses and processing 
techniques for Cd based QDs are very well-developed. With the ion exchange technique, the 
QDs can be pre-arranged in the desired way and then transformed into another material.  
The group of Brock demonstrated this procedure by a successful ion exchange in CdSe 
hydrogels for the preparation of other gel systems, i.e. Ag2Se, PbSe and CuSe.18 The ion 
exchanged gels had a very high structural similarity to the CdSe gel precursor in terms of 
morphology, particle size and surface area. Thus, control over the structural design of the 
CdSe gel is sufficient to control the structure of the ion exchanged gels.  
In the previous chapter, it was mentioned that the addition of Ag+ to silica-QDs leads to an 
immediate colour change from yellow to brown (see inset in Figure 3-9 A). This behaviour 
could be observed for both colloidal silica-QDs solutions and hydrogels formed with Zn2+. 
However, no reaction occurred when blank silica spheres without QD core were used. 
Hence, the reaction taking place is to some extent attributed to the QDs. As becomes 
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apparent from Figure 3-9 A, the optical properties of the material resulting from the 
exposure of silica-QDs to Ag+ do no longer exhibit the optical properties of the initial silica-
QDs. Two possibilities might be the reason for this: 
(i) An ion exchange occurred, whereby Cd2+ ions from the QD cores were exchanged 
with Ag+.18 This has been proven to take place by the Brock group for CdSe, as 
mentioned before. In this case, a Ag2Se/Ag2S core should have been formed. 
(ii) Due to the high redox potential of silver, it is possible that Ag+ is reduced and 
elemental Ag NPs are formed.  
In order to clarify whether possibility (i), (ii) or both are present, TEM and XRD 
measurements were performed. The TEM image of a silica-QD sample after exposure to Ag+ 
is displayed in Figure 3-9 B. It shows a composite structure of silica and large, polydisperse 
Ag-based NPs. The original spherical shape of the silica particles is not maintained. 
Probably, the formation of the new NP species led to the destruction or deformation of the 
spheres due to mechanical strain. Furthermore, the original QDs can no longer be 
distinguished. However, the contrast of the original QDs and the newly formed NPs is quite 
similar, thus it is not possible to give evidence, whether the QDs still exist in the composite 
material or whether they are hidden between the newly formed NPs. 
The XRD patterns in Figure 3-9 C were collected before and after exposure to Ag ions. The 
pattern of the original silica-QDs shows weak, broad reflexes contributed to the Cd-based 
QD core and some sharp reflexes caused by sulphur impurities. This has already been 
discussed in chapter 2.4.2. After Ag+ exposure, sharper reflexes with much higher intensity 
emerge. These reflexes can be attributed to elemental silver, which gives rise to the 
assumption that the NP species seen in the TEM images can be determined as Ag NPs. The 
sulphur impurity from the original QDs is still present in the sample. Furthermore, no 
significant reflexes neither from the original Cd-based QD core nor a perhaps ion exchanged 
Ag2Se/A2S phase can be distinguished. However, this does not definitely exclude their 
existence since their signal might be very weak compared to the intensive signal of the Ag 
NPs. 
Conclusively, it was shown that the exposure of silica-QDs to Ag ions leads to the reduction 
of the noble metal ions and thus the formation of Ag NPs. Due to the presence of these NPs it 
is, however, very challenging to distinguish signals from the original or perhaps ion 
exchanged QD core.  
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Figure 3-9: Modification of silica-QDs upon exposure to Ag+ ions. (A) Absorption and 
fluorescence spectra before and after exposure to Ag+. The optical properties 
of the QDs core vanish. The colour change can be seen from the photographs 
in the inset. (B) TEM image of silica-QDs after exposure to Ag+. (C) XRD 
pattern before and after exposure to Ag+. Matching reference datasets were 
taken from ICSD. 
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3.2.5 Colour Tuning  
With the here used gelation technique it is possible to form 3D networks from silica-QDs 
regardless of the specific QD core since similar surface chemistry is provided by the silica 
shell and the attached tetrazole ligand. With respect to future applications in the field of 
solid state lighting, this could be of advantage. The silica shell plays thereby a dual role. On 
the one hand, together with the tetrazole linker, it allows for different QD species to form 
homogenous mixed networks and on the other hand it provides a sufficiently large distance 
between the emitting species to disable energy transfers amongst them. This allows easy 
colour tuning by straightforward mixing and subsequent joint gelation of differently 
emitting particle species.  
 
Figure 3-10: Mixed gels from differently emitting silica-QD species. (A) Photograph 
of two differently emitting silica-QDs and mixtures of both species in 
differing ratios in solution (upper row) and as hydrogels (lower row). The 
emission colours are not changed in the hydrogel compared to the solution 
since energy transfer from donor particles to acceptor particles is disabled 
due to the large distance between both species. (B) Fluorescence spectra of 
two differently emitting silica-QDs and mixtures of both species in differing 
ratios in solution and as hydrogels. The optical properties of the initial 
solutions are preserved in the gel as can be seen from the comparison of 
the peak area ratios AQD1:AQD2 of both species QD1 and QD2 in the three 
different mixtures. (C) CIE (Commission internationale de l’e clairage) 
coordinates of the two differently emitting silica-QDs and their mixtures. 
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The following experiment was chosen to demonstrate the convenient colour tuning. 
Mixing two differently emitting silica-QD species, a green-emitting one termed QD1 and a 
red-emitting one termed QD2, the colour of the resulting gel can be tuned very easily in 
between these two colours. Since energy transfer is disabled in this architecture due to the 
large distance between the emitting species, no spectral shifts have to be considered when 
mixing the desired emission colour. Figure 3-10 A shows a photograph of the two differently 
emitting silica-QD species, i.e. QD1 and QD2, and mixtures of both species, i.e. Mix1-Mix3, in 
different ratios in colloidal solution and as hydrogels. As expected, the emission colour in 
solution and in the gel is identical. This observation is supported by the fluorescence spectra 
of the solutions and the corresponding gels. As can be seen from Figure 3-10 B, no spectral 
shifts are observed for all three mixtures in solution and in the gel. In order to evaluate the 
intensity ratio of both species in the mixtures, the peak areas were determined by fitting the 
signal with two Gaussian curves and subsequent integration. The peak area ratios are given 
in Table 3-6. No significant changes occur during the colloid to gel transition.  
To illustrate the straightforward shift of the emission colour, the CIE colour coordinates 
were determined. Figure 3-10 C shows a segment of the CIE diagram with the colour 
coordinates of the two QD species and their three mixtures as hydrogels. It demonstrates 
that subsequent increasing of the red component equivalently shifts the colour of the 
mixture providing the possibility to create different shades of yellow.  
 
Table 3-6:  Ratios of the integrated peak areas of the mixtures in solution and as 
hydrogel 
ratio of integrated peak 
area AQD1:AQD2 
Mix1 Mix2 Mix3 
in solution 1:0.181 1:0.387 1:0.778 
in hydrogel 1:0.186 1:0.394 1:0.808 
3.3 Gel Formation of Other Tetrazole Capped Silica-QDs 
The present gelation process is applicable to any silica coated nanoparticle material. 
Exemplarily shown for CdSe/CdS QDs in the previous chapter, the same procedure was also 
accomplished with three other QD materials, namely In(Zn)P/GaP/ZnS, CdSe/CdS/ZnS and 
a CdSeZnS alloy. Provided that homogeneous silica coating can be obtained successfully, 
hydrogelation by metal ion assisted complexation of tetrazole capped silica spheres can be 
done independently from the QD core inside the silica spheres. Figure 3-11 shows SEM 
images and photographs under UV illumination of aerogels produced from the three 
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mentioned materials. The SEM images reveal the characteristically porous structure of the 
gel network. As can be seen from the photographs, the PL intensities of the aerogels made 
from different materials differ significantly. These differences can be explained by the 
differing PL QY of the various QD materials itself on the one hand and PL losses during the 
silica coating of differing extent on the other hand. The latter aspect is very disadvantageous 
but according to present knowledge barely avoidable. Referring to the proposed growth 
mechanism of the silica shells in Figure 2-10 (chapter 2.4.1, page 30), it is assumed that 
additional trap states are formed on the QD surface during the silica coating procedure, e.g. 
caused by ligand exchange of the organic ligands with partially hydrolysed TEOS.23-25 The 
extent of PL loss was observed to be lower for core/shell QDs with several monolayers of 
shell material compared to bare QD cores but can differ between different QD batches 
presumably depending on the quality of the shell.  
The emission properties of the aerogels from the three different QD core materials were 
investigated using fluorescence spectroscopy with an integrating sphere setup, which 
allows the measurement of scattering solid state materials. The spectra are displayed in 
Figure 3-12. Aerogels measured with the integrating sphere show an increased blue portion 
in the spectrum due to scattering of the incident excitation light. Especially for weak 
emitting samples, as in the case of CdSe/CdS/ZnS (A), this has a dominant influence on the 
spectrum. For both Cd-based QD species, i.e. CdSe/CdS/ZnS (A) and CdSeZnS alloy (B), the 
emission in terms of peak maximum wavelength and peak width can be preserved. 
However, in the case of In(Zn)P/GaP/ZnS, no emission of the initial QD core is measurable 
in the aerogel, although the corresponding colloidal silica-QD solution was still emitting. 
More detailed investigation revealed that the emission intensity dropped dramatically when 
the InP-based silica-QDs were functionalised with the tetrazole ligand. The change of pH 
associated with the functionalisation was, however, found to not cause this quenching. 
Hence, the ligand functionalisation step itself seems to cause this effect. A possible  
 
Figure 3-11: SEM images and photography (inset) of silica-QD aerogels with 
different QD cores. The QD cores are (A) In(Zn)P/GaP/ZnS, (B) 
CdSe/CdS/ZnS and (C) CdSeZnS alloy. 
1 µm 1 µm 1 µm
A B C
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Figure 3-12: Emission spectra of silica-QD aerogels with different QD cores in 
comparison to their colloidal solutions. The QD cores are (A) 
CdSe/CdS/ZnS and (B) CdSeZnS alloy. 
 
explanation might be the complexation of In3+ and Ga3+ causing defects in the nanocrystal 
lattice. It should be noted that these metals prefer binding to N-ligands rather than S- or O-
ligands whereas Cd prefers O-, S- and Se-binding. For this reason, the formation of In/Ga-
tetrazole complexes seems plausible. Inhomogeneities in the silica shell as it is the case for 
InP-based QDs would facilitate these kinds of interactions of the QDs with the tetrazole 
ligand. 
3.4 Mixed Au/Silica-QD Gel Formation* 
The occurrence of the quantum size effect in semiconductor QDs and the surface plasmon 
resonance in metal NPs makes both fields a topic of great concern for researchers. 
Therefore, it is not surprising that the combination of both phenomena is also of great 
interest since new interesting properties or application possibilities might develop.  
The presence of a plasmonic NP near a fluorescent QD can evoke two competing effects, 
i.e. on the one hand an enhancement and on the other hand a quenching of the 
photoluminescence.26-28 Plasmon enhanced emission is referred to the local electric field 
enhancement by the metal NPs. The fluorescence enhancement is thereby attributed to an 
increase of the absorption cross section and/or the radiative decay rate.29 However, the 
fluorescence may be quenched instead if non-radiative energy or electron transfers (see 
chapter 3.1) from the fluorophore to the plasmonic NP occurred.30  
                                                             
* Parts of this chapter are based on the results of the Bachelor’s thesis written by Christine Arnold 
under mentoring of the author, Christin Rengers, in the work group of Prof. A. Eychmüller at the TU 
Dresden. 
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The most important influencing factor that determines which of the competing processes 
dominates is the distance between the plasmonic and fluorescent species. Whereas very 
short distances of less than 5 nm can lead to efficient emission quenching, the energy 
transfer rate is decreased with increasing distance.27 Thus, reaching a certain distance, the 
energy transfer rate decreases but the electric field enhancement is still high enough to 
positively affect the emission properties. This distance is usually in the range of 10 to 
20 nm31, 32 and can be created using different materials such as DNS, silica, proteins or 
polymers. Aside from the distance, further influencing factors are the spectral overlap 
between the plasmon resonance band of the metal NP and the absorption and fluorescence 
band of the QD as well as the size, morphology and orientation of the plasmonic 
nanoparticle species.33-35  
For the purpose of plasmon enhanced emission, different mixed arrangements from 
plasmonic NPs and fluorescent QDs are known from the literature. The lack of a spacer in 
these arrangements leads to PL quenching as discussed above since the close distance 
allows energy transfers from the QDs to the metal NPs. Examples for arrangements with 
direct or very close contact of both species are AlB2 type binary superlattices from 
CdSe/Au,36 QD-dsDNA-Au complexes37 or CdTe/Au mixed gels7.  
However, plasmon enhanced emission has already been reported on different metal 
NP/QD architectures using a spacer. Probably the easiest setup is a two-dimensional layered 
structure. Kulakovich et al.32 presented such a setup in which Au NPs were deposited on a 
planar substrate, coated with several polyelectrolyte layers and then decorated with CdSe 
QDs. By changing the amount of polyelectrolyte layers, an optimal distance between 
plasmonic and fluorescent species of 11 nm was determined. At this distance, where the 
influence of energy transfers becomes neglectable and the electric field enhancement is still 
high, the maximum PL enhancement was observed. A similar built-up was reported by 
Chen et al.34 with the difference of using Au NRs instead of spherical NPs and a 10 nm thick 
layer of silica for spacing. In addition to the occurrence of plasmon enhanced emission, they 
observed an anisotropic effect that influences the extent of emission enhancement. To be 
exact, the coupling of the QDs with the transverse SPR mode was more effective than 
compared to the longitudinal SPR mode causing higher enhancement factors, as in this case, 
the spectral overlap between the transverse plasmon band and the QD emission band was 
much higher.  
Another approach for combining plasmonic and fluorescent NPs is the synthesis of 
core/shell/shell superstructures, wherein the plasmonic species is coated with a spacer 
material and is then decorated with the fluorescent species or vice versa. Liu et al.27 
presented a Au/SiO2/CdSe core/shell/satellite structure, which showed distance-dependant 
PL quenching or enhancement. In accordance with the above discussed planar arrange-
ments, a thin spacer layer of 5 nm led to a quenching whereas a thick layer of 24 nm resulted 
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in enhancement. Similar to this kind of superstructure, a Au/SiO2/QD core/shell/shell 
structure was reported.38 The exterior layer in this setup is denser than in the satellite 
structure and reduces the overall size of the nanostructure unit but provides very similar 
plasmon enhanced properties. Another example for hybrid superstructures with distance-
dependent plasmon enhanced emission are gold-shell-encapsulated QDs with poly-
electrolyte spacing reported by Jin and Gao.39 A problem that encounters for these 
structures is the decreasing transmittance with increasing Au shell thickness. However, a 
good transmittance of around 86% and 92% for excitation and emission, respectively, was 
achieved for very thin layers of 2 to 3 nm.  
Lately, metal enhanced fluorescence of CdTe by Au/SiO2 has been studied in colloidal 
solution.40 A concentration-dependency was observed, whereby the fluorescence enhance-
ment factor firstly increases with increasing molar ratio of Au/CdTe due to plasmon induced 
field enhancement, but then decreases as the molar ratio is further raised due to strong 
absorption of the plasmonic species. The latter can be considered as a long-distance 
quenching process, which differs significantly from previous mentioned energy transfer 
processes.  
Plasmon enhanced emission in 3D hybrid superstructures has not yet been well-
investigated. Due to the already available suitable spacing in hydrogels and aerogels 
prepared from silica-QDs, the incorporation of plasmonic NPs into these 3D networks might 
be a successful approach to generate this effect in a macroscale system. In here, a joint 
gelation is suggested as the most convenient incorporation tactic, as it enables homo-
geneous distribution and controlled molar ratio of both species.7  
3.4.1 Mixed Gels with Spherical Au Nanoparticles 
For homogeneous joint gelation of Au NPs and silica-QDs, a similar surface chemistry is 
required. This is provided by tetrazole capping of the both species (see chapter 2.5.2 and 
chapter 2.3.1 for tetrazole capping of silica-QDs and Au NPs, respectively). In previous 
chapters it was demonstrated that the applied shell thickness of around 10 to 20 nm is 
sufficient to disable energy transfers between the QDs, which avoids any spectral shifts or 
PL quenching. Therefore, it is supposed that the same effect is achieved in mixed Au/silica-
QD gels. Similar observations were reported in the literature as discussed above. 
Joint gelation was performed by mixing the colloidal solutions of tetrazole capped Au NPs 
and silica-QDs, followed by Zn2+ addition for hydrogel formation. Absorption and PL 
emission spectra of plasmonic and fluorescent species used in this experiment are displayed 
in Figure 3-13 revealing a large spectral overlap. The absorption of the silica-QDs (λmax = 
580 nm) was very weak and is therefore only seen as a broad shoulder. The spacing given by 
the average silica shell thickness was 11 nm.  
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Figure 3-13: Spectral overlap between Au NPs and silica-QDs. Presented are the 
absorption spectra of tetrazole capped Au NPs and absorption and emission 
spectra of silica-QDs with an average shell thickness of 11 nm. 
 
In a first overview measurement, the molar ratio between both species was varied from 0 
to 10% of Au NPs. The fluorescence intensity and decay of every mixed sample was 
measured before and after gel formation. Figure 3-14 A shows the influence of the Au 
content on the PL intensity of the mixed hydrogels. An enhancement factor of 1.28 is 
observed for the reference sample with only silica-QDs, which is attributed to volume 
contraction during colloid to gel transition (see chapter 3.2.1). This value was taken as a 
reference. Hence, enhancement factors above this value are considered as real enhance-
ment, whereas lower values can be attributed as quenching. No significant but a slight 
quenching is observed for low Au contents of 0.01 and 0.1%. The lower enhancement factor 
might be due to simple statistical deviations but may also be caused by energy transfer 
processes. Although the shell thickness should avoid these processes, false positioning of the 
QD core in or on top of some of the silica spheres causing inhomogeneous distances may 
enable energy transfers for these particles. For a Au content of 1% the enhancement factor is 
increased to 1.38, indicating the presence of plasmon enhanced emission. Further increase of 
the Au content significantly quenches the emission, probably caused by the absorption of 
the Au NPs which can either reduce the absorption rate of the QDs or reabsorb the emitted 
light. 
The PL decays are displayed in Figure 3-14 B. The decay traces of the samples before and 
after gelation were identical. Hence, only the PL lifetime decay traces of the hydrogels are 
presented for simplification. The presence of Au NPs leads to a PL lifetime shortening as the 
Au content is raised to 10%. Lower Au contents do not affect the PL lifetime significantly. A 
shortening may be either attributed to an increase of the radiative decay rate which would 
be accompanied by a PL increase or increased non-radiative energy transfer which would 
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Figure 3-14: Overview measurement of mixed Au/silica-QD gels. (A) PL intensity of 
Au/silica-QD mixtures with different Au content in colloidal solution and 
hydrogel. (B) PL lifetime of the corresponding hydrogel samples. 
 
quench the PL. A reasonable assignment cannot be done from the data given here. It is 
suggested that energy transfers should play a minor role due to the architecture of the 
building units, but from TEM analysis, an increased percentage of non-centered QDs was 
revealed for this sample. Therefore, the lifetime reduction may be a consequence of this. 
In conclusion of this overview measurement, a complex interplay of PL quenching and 
plasmon enhanced emission is observed. By variation of the molar ratio, an optimal Au 
content of about 1% was determined. The occurrence of plasmon enhanced emission raises 
the PL intensity of the mixed Au/silica-QD hydrogel as compared to the pure silica-QD gel. 
Low Au contents do not have much influence. Only a slight PL quenching is observed that 
might be contributed to energy transfers enabled by shell inhomogeneities. Higher Au 
contents cause PL quenching assumedly due to the strong absorption of the Au NPs.  
In order to further optimise the molar ratio of Au and silica-QDs to further raise the 
enhancement factor of the system and to elucidate the mechanism of plasmon enhanced 
emission, a more precise measurement series was prepared with Au contents close to 1%, 
i.e. from 0.1 to 2% and another silica-QD batch with more uniform structure. The silica shell 
thickness and the QD core were equal to the previous batch. 
In addition to the measurement of the PL spectra and the PL decays before and after 
gelation of the mixed samples, PL spectra of the colloidal silica-QD solutions before Au NP 
addition were collected in the refined measurement series. The fluorescence spectra of the 
mixed solutions and gels were then normalised to these spectra. The results of the 
corresponding measurements are displayed in Figure 3-15 A. In Figure 3-15 B, solely the PL 
decay traces of the hydrogels are presented since, as before, no significant changes during 
sol-gel transition occurred. 
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Figure 3-15:  Refined measurement of mixed Au/silica-QD gels. (A) PL intensity of 
Au/silica-QD mixtures with different Au content in colloidal solution and 
hydrogel. (B) PL lifetime of the corresponding hydrogel samples. 
 
From the measurement of the silica-QD colloids with and without Au NPs it is possible to 
make assertions concerning the influence of the plasmonic NPs on the fluorescent QDs in 
solution. For Au-contents between 0.1% and 1%, no obvious change of the emission 
properties of the colloidal solution was observed. Within this concentration range it is 
assumed that the distance between the plasmonic NPs and the majority of the fluorescent 
QDs is too large to interact with each other. Increasing the amount of plasmonic NPs in 
solution above 1% begins to gradually quench the PL intensity. However, all mixed colloidal 
solutions exhibit similar PL lifetimes, which excludes the occurrence of energy transfers in 
these samples. Therefore, the decrease of PL intensity is rather attributed to the strong 
absorption of Au NPs.  
Regarding the PL intensities of the mixed Au/silica-QD hydrogels in the refined 
measurement series, a similar trend as compared to the overview measurement is observed. 
The PL intensity of the reference silica-QD sample without Au NPs is increased by a factor of 
1.41 upon gel formation. The mixed gel with Au content of 0.1% does not display interactions 
between plasmonic and fluorescent species yet. By increasing the molar content of Au in the 
mixed gels to 0.5% and 0.75%, plasmon enhanced emission is observed raising the 
enhancement factor up to 1.96 for the sample with 0.75% Au. In these samples, the ratio 
between plasmonic and fluorescent species reaches an optimum, providing amplification of 
the PL intensity while PL quenching effects do not arouse yet. Since no significant change in 
the PL lifetime is observed in these hybrid gels as compared to the reference silica-QD gel, 
influences of the plasmonic NPs on the radiative or non-radiative decay rates can be 
excluded. Hence, the increase of PL intensity can solely be explained by an increase of the 
absorption cross section. By further raising the Au content in the mixed gels, the 
pronounced absorption of the Au NPs themselves counteracts this increase of the 
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absorption cross section. This leads to subsequent PL quenching with increasing Au content 
above 1% since the Au itself absorbs a significant portion of the incident light which is then 
no longer available to excite the QDs. Additionally, the Au NPs may even reabsorb the light 
emitted by the QDs since a spectral overlap of the Au absorption and QD emission is given in 
this experiment. 
Figure 3-16 gives some impressions on the mixed Au/silica-QD gels. The photographs in 
Figure 3-16 A and B show the mixed gel with optimised Au content of 0.75% under daylight 
and UV irradiation in comparison to a reference sample without Au NPs. The increased PL 
intensity compared to the reference should become apparent from the photograph in B, 
while the appearance under normal light in A is equal. The characteristic structure of the gel 
network was confirmed with SEM and TEM and corresponding images are displayed in 
Figure 3-16 C and D. The Au NPs can be seen in the TEM images as small black spots. 
However, their number in the area shown in the image is quite low due to the low Au 
content of only 0.75% in the network. Furthermore, the three-dimensional structure makes 
it hard to distinguish single Au NPs within the network. The spots where Au NPs are 
assumed to be located are indicated with an arrow in Figure 3-16 D. 
Comparing the overview and the refined measurement series, a shift of the optimal Au 
content from 1% to 0.75% is observed, although the same Au NPs and the same QD cores 
were used. However, different batches may deviate in particle concentration as a result of 
inevitable losses during the washing procedure after silica shell coating that may vary 
enormously between different batches. Thus, the molar ratios given above may differ from 
the true ratios. The determination of the particle concentration of silica-QDs is nontrivial 
since e.g. the extinction coefficient of the complex system CdSe/CdS/SiO2 is unknown. For 
the reason of depleting this uncertainty, a procedure to quantify the washing losses was 
developed (see Appendix, chapter A.2.7). 
 
 
Figure 3-16: Mixed Au/silica-QD gel with 0.75% Au NPs. Photograph of the mixed gel in 
comparison to the reference sample without Au NPs under daylight (A) and 
UV irradiation (B). (C) SEM image and (D) TEM image of the mixed gel. 
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3.4.2 Mixed Gels with Au Nanorods 
As previously mentioned, the shape of the plasmonic particles has an influence on the 
intensity of the local electric field enhancement. The field enhancement near sharp edged 
particles, e.g. nanorods, can be much stronger than compared to spherical particles. 
Analogously to the mixed Au/silica-QD gels based on spherical Au NPs, Au NRs were 
introduced into the hydrogel network as well. For the description of the preparation and 
tetrazole functionalisation of Au NRs see chapter 2.3.2. The used NRs exhibit a transverse 
plasmon band at 525 nm and a longitudinal plasmon band at 590 nm. In Figure 3-17, the 
spectral overlap between the absorption and PL emission spectra of the plasmonic and the 
fluorescent species is displayed. The silica-QD sample was the same as used before in the 
case of mixed gels with spherical Au NPs, thus the spacing determined by the average silica 
shell thickness was again 11 nm. For the preparation of mixed Au NR/silica-QD gels, a 
colloidal solution of tetrazole capped Au NRs was mixed with the silica-QD solution in 
different ratios. The Au NR content necessary to achieve a visible influence on the optical 
properties of the QDs was several orders of magnitude lower than compared to Au NPs and 
was in the ppb region (see Appendix, Figure A-15).  
As described in chapter 2.3.2, CTAB residues from the NR synthesis were supposed to be 
reduced by a prior washing procedure. However, from the experience made by mixing both 
colloidal species, it is assumed that some CTAB residues are still present as the colloidal 
silica-QD solutions cumulatively turned unstable with increasing Au NR content. Further-
more, the gelation of these non-colloidally stable dispersions was also negatively influenced 
and turned from well-defined hydrogels to undefined precipitates. Corresponding images 
are given in Figure 3-18 A and B. The photographs of several mixed gels with different Au  
 
 
Figure 3-17: Spectral overlap between Au NRs and silica-QDs. Presented are the 
absorption spectra of tetrazole capped Au NRs and absorption and emission 
spectra of silica-QDs with an average shell thickness of 11 nm. 
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Figure 3-18: Mixed Au NR/silica-QD gels. Photograph of mixed Au NR/silica-QD gels 
with different Au content under daylight (A) and UV illumination (B). TEM 
images of hydrogels with Au content of (C) 3 ppb and (D) 63 ppb. 
 
NR content under daylight and UV illumination visualise the transition from hydrogels to 
precipitates. They additionally show a non-uniform distribution of the NRs in the network 
as was revealed by a violet coloured separated precipitate for the mixtures with high Au NR 
content of 31 ppb and 63 ppb. These findings were confirmed by TEM analysis presented in 
Figure 3-18 C and D. The loss of the characteristic gel structure for high Au contents as well 
as the inhomogeneous distribution of the Au NR within the mixed gel even for low Au 
contents are verified from these images. 
The optical properties of the Au NR/silica QD mixtures were determined before and after 
gelation. However, due to the described circumstances, the samples strongly suffered from 
scattering effects causing high statistical noise of the measured signal. A reliable 
interpretation of the measured optical spectra was therefore not possible and the task of 
homogeneous Au NR/silica QD gel formation remains challenging. 
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3.5 Other 3D Arrangements 
The previous sections of this chapter focussed on the 3D assembly of nanoparticle units 
into non-ordered porous networks. Although this route is applicable for different QD 
materials, preserving the optical properties of the initial QDs in the resulting gel structure is 
challenging. The application of a silica spacer shell can prevent from changes during colloid-
to-gel transition, however, the prior shell coating itself is a critical step causing PL losses of 
greater or lesser extent. Regarding the optical properties and the porous structure of the 
gels, other types of arrangement (see chapter 1.4) might be more convenient for certain QD 
materials or applications. Hereinafter, two of them are presented, i.e. the incorporation of 
QDs in an inorganic matrix and the uptake in well-ordered diatoms. 
3.5.1 Incorporation into Salt Matrix* 
Composite structures fabricated by the incorporation of QDs into conventional salt 
matrices, such as NaCl, KCl or Borax, are a class of material with great prospects for lighting 
applications. Such composites cannot solely be derived from the salt melt by a Czochralski 
approach41 but also under ambient temperature by co-crystallisation from saturated 
aqueous salt solutions containing colloidal QDs42 or a liquid-liquid diffusion-assisted 
crystallisation (LLDC).43 Such produced QD-salt composites have been demonstrated to be 
robust, strongly fluorescent and processable due to the successful combination of the 
properties of the fluorescent QDs and the highly stable inorganic matrix.  
The LLDC approach is a fast and versatile technique for the preparation of QD-salt 
composites and is based on the deliberate decrease of the solubility of an inorganic salt in 
water by diffusion of another solvent such as methanol. As compared to a classical co-
crystallisation method, the crystallisation time can be drastically reduced from several days 
to a few hours with this approach and is therefore also suitable for low-stable QD colloids, 
e.g. after ligand exchange of the initial hydrophobic ligands. Due to the fast preparation, the 
simple setup and ambient conditions, the method is also suitable for large-scale preparation. 
Even hydrophobically capped QDs without prior ligand exchange can be embedded into a 
salt matrix using this approach by applying an aforegoing step, i.e. the injection of a NaCl 
saturated MeOH solution to the QDs dispersed in a non-polar solvent such as chloroform. As 
a consequence of the insolubility of NaCl in the non-polar solvent, small salt crystallites 
rapidly form with most of the QDs adsorbed on their surface in order to reduce the surface 
free energy. 
                                                             
* Parts of this chapter are based on the results of the Master’s thesis written by Christian Meerbach 
under mentoring of the author, Christin Rengers, in the work group of Prof. A. Eychmüller at the TU 
Dresden. 
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The assembly of In(Zn)P/GaP/ZnS QDs into hydrogels and aerogels using the metal ion 
assisted complexation after prior silica coating and tetrazole capping as shown in previous 
chapters of this work remains quite challenging and requires an optimisation of the silica 
shell coating procedure in terms of homogeneity and preservation of the optical properties. 
For this reason, as an alternative 3D arrangement, the incorporation into a salt matrix was 
chosen. Thereby, the slow co-crystallisation and the LLDC approach were applied. In order 
to perform both processes, the QDs had to be transferred from the organic into the aqueous 
phase on the beforehand. 
    Different ligand types and strategies from the literature were tried for the exchange of the 
original hydrophobic ligands including 3-mercaptopropionic acid (MPA),44-46 3-mercaptoun-
decanoic acid44, 47 and CTAB48. Out of these, the procedure from Tamang et al.44 for the 
exchange with MPA was found to yield the best results, although slight modifications had to 
be made, i.e. the increase of the temperature from RT to 50 °C and the change of the 
nanoparticle to stabiliser ratio with an optimum found at 60:1 v/v at pH 11. In Figure 3-19, a 
set of five differently emitting In(Zn)P/GaP/ZnS QDs is shown before A and after B the 
ligand exchange performed with the modified procedure. As revealed by these photographs, 
the QDs were completely transferred from the organic chloroform phase into the aqueous 
phase. As a common drawback of ligand exchanges, the PL QY of the colloidal solutions is 
reduced, whereby the losses for QDs with shorter emission wavelength are higher than for 
those with longer emission wavelength (see Figure 3-19 F). This might be explained by the 
smaller size of particles with shorter emission wavelength resulting in a higher surface-to-
volume ratio and thus a higher sensibility towards changes on the surface.   
The aqueous QD dispersions were subsequently used for the QD-salt composite preparation. 
For the incorporation into NaCl matrix, a modified LLDC method was used since the slow co-
crystallisation method and the standard LLDC method were accompanied by huge PL losses 
and the QD loading of the resulting composites was rather low. The PL losses are probably a 
consequence of the prior ligand exchange. Assuming that the amount of stabiliser molecules 
on the QD surface is reduced during the ligand exchange, aggregation of the QDs due to the 
dilution or the high ionic strength within the salt solution might lead to a decrease of PL QY. 
In the modified LLDC method, instead of diluting the QD dispersion in a saturated NaCl 
solution, the salt is directly added in small portions and dissolved in the colloidal solution. 
By this, a higher loading of the resulting salt macrocrystals can be reached while preserving 
the PL intensity better than using the standard LLDC method. A comparison of the results 
for the incorporation of a green-emitting In(Zn)P/GaP/ZnS sample with the different 
techniques is given in Table 3-7. Using the modified LLDC approach, the previously phase 
transferred set of five differently emitting In(Zn)P/GaP/ZnS QDs was incorporated into 
NaCl. Figure 3-19 C shows a microscope photograph of the corresponding crystals, taken 
under 10-fold magnification. The images reveal a high QD loading and a homogeneous 
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Figure 3-19: Incorporation of QDs into salt matrix. Photograph of a set of five 
differently emitting In(Zn)P/GaP/ZnS QDs before (A) and after (B) ligand 
exchange with MPA. (C) Microscope photograph of the same QDs in NaCl 
derived by modified LLDC and (D) photograph of the QDs embedded in 
Borax. (E) Photostability test of QDs in different media using a 1000 W xenon 
lamp. (F) PL QY of the QDs in different media. 
 
Table 3-7: Optical properties of phase transferred In(Zn)P/GaP/ZnS QDs embedded 
in NaCl using different techniques.  
method V(QD) [µl] V(H2O) [ml] λem [nm] FWHM [nm] PL QY [%] 
phase transferred   554 62 16.4 
LLDC43 400 1 558 69 9.3 
 800 0.6 no crystal formation 
modified LLDC 1200 0 556 66 17.1 
co-crystallisation42 750 5 558 87 4.1 
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distribution within the salt matrix. 
In comparison to NaCl, the solubility of Borax in water is much lower which results in 
lower amounts of macrocrystals. As the LLDC approach already uses smaller batch sizes, the 
use of Borax would in this case be unfavourable. However, the slow co-crystallisation 
method is still suitable. The resulting composite crystals inherently have a higher QD 
loading due to the lower solubility of Borax. At the same time, the reduced ionic strength 
evokes much lower PL losses as compared to the equivalent experiments with NaCl. The PL 
QY of the resulting QD-Borax composites is comparable to that of NaCl composites derived 
by the modified LLDC method. Figure 3-19 F gives a summarised overview on the PL QY de-
velopment for the five different QD species before and after the phase transfer into water as 
well as embedded in NaCl and Borax. 
The QD-salt composites are expected to be very robust and protect the incorporated QDs 
from the surrounding effectively. With respect to this, photooxidation is for example 
strongly reduced due to the low oxygen diffusion coefficient. Figure 3-19 E shows a 
corresponding experiment, wherein a QD sample in non-polar and aqueous solvent as well 
as in salt matrices was illuminated with a 1000 W xenon lamp. Whereas the PL intensity of 
the QDs in colloidal solution dramatically decreased within a few hours, no significant PL 
losses were accounted for the salt composites during the experiment duration time of 40 h. 
On the contrary, an initial photobrightening is accounted, probably as a result of photo-
chemical etching due to the presence of residual oxygen or sulphur released upon the 
decomposition of MPA ligand molecules.49-52 Moreover, a high thermal stability was 
determined for the QD-salt composites as well since no significant PL changes were 
observed after a thermal treatment at 200 °C for 8h. 
The applicability of the gained composite crystals as colour conversion material was 
demonstrated by fabrication of white LEDs (WLED). For this purpose, green, yellow and 
orange emitting salt macrocrystals were ground to fine powders and deposited onto a 
commercial blue LED chip. Figure 3-20 A shows the PL spectra of the LEDs made from NaCl 
and Borax composites as well as corresponding photographs in and out of operation. In the 
case of the Borax composite-based LED, the red fraction dominates. Thus, further colour 
ratio tuning is required. In the case of the NaCl composite-based LED, a white-emitting LED 
could be fabricated. The colour coordinates of this WLED are shown in the CIE diagram in 
Figure 3-20 B at (0.358, 0.342), which is near the white point at (0.333, 0.333). The colour 
temperature was calculated53 to be 4451 K which is close to that of daylight (5000 K) and 
the colour rendering index (CRI), which is a criterion for the truthful depiction of an objects 
colour, shows with a value of 65 a comparable quality compared to commercial warm-white 
LEDs. The luminous efficacy of radiation (LER) of the LED was 323 lm/Wopt, which is also 
comparable to that of commercial LEDs (347 lm/Wopt),54 and is much higher as compared to 
incandescent light bulbs (8 - 24 lm/Wopt for bulbs of 10 - 1000 W)55. 
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Figure 3-20: QD-salt composites as colour conversion material. (A) Emission spectra 
and photographs of the LEDs prepared from blue LED chips and the QD-salt 
composites. (B) CIE diagram with the position of the WLED prepared from 
NaCl composites.  
3.5.2 In Vivo Investigations of Diatoms with Silica-QDs 
Another possibility for the 3D arrangement of nanoparticles is the usage of biotemplates 
from microbial origin such as fungi, bacteria, viruses or algae. Biological templates offer a 
great potential for large scale cost effective production of complex structures, due to the low 
generation time, as well as facile replication and scalability of the microorganisms.56 
Furthermore, the functionalisation of these microbes with NPs might be easily achieved by 
their growth in a NP dispersion. First successes with this approach have already been made, 
such as the decoration of the fungi species aspergillus niger with oligonucleotide capped Au 
NPs due to the adsorption of the NPs onto the fungus’ surface along the direction of 
growth.57, 58 
Due to their remarkable periodically nano-patterned external shells, silica based algae, so-
called diatoms, are of great interest for various applications including their function as 
biotemplate. As diatoms are often referred to “living photonic crystals”, their application in 
the fields of optics and optoelectronics are of great interest. Despite their huge potential, 
numerous questions concerning the mechanism of silica uptake, the intracellular transport 
of silica species as well as their storage and processing remain unexplained. So far, it is 
presumed that the silica uptake of diatoms is restricted to solely orthosilicic acid via silica 
transporter proteins.59-61 However, Gordon et al.62 postulated that diatoms might be able to 
handle smaller silica oligomers or nanoparticles as well. Core/shell nanoparticles, consisting 
of a fluorescent QD core encapsulated by a silica shell, might be used as tracers in order to 
elucidate this assumption. So far, in vivo investigations on the interaction of NPs and 
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diatoms solely addressed to their toxicity and association with the cells. The usage of silica-
QDs may give a deeper insight into the silica metabolism of the diatoms and eventually 
result in novel composite materials.  
Basically, three different pathways for the uptake of silica from silica-QDs appear to be 
conceivable. Assuming orthosilicic acid as the only silica species taken up by the diatoms, its 
consumption upon the diatom growth might shift the solubility equilibrium between solid 
and dissolved silica and thus gradually reduce the silica shell of silica coated QDs, especially 
if these nanoparticles were the only silica source in the medium. Alternatively, a protein-
mediated catalytic decomposition near the surface might also evoke shell dissolution.63 It is 
known that in order to adhere and colonise various surfaces, diatoms secrete an adhesive 
protein material containing hydrophilic amino acids, uronic acids and other carbo-
hydrates.64 Within this adhesives, also referred to as extracellular polymeric substances 
(EPS), bioactive proteins might exist that may be involved in the dissolution of silica from 
nanoparticles in direct contact. A third option would be the uptake of the entire core/shell 
nanoparticles by an endocytosis process. This would be related to an enclosure of the NPs 
within vesicles and subsequent transport through the biomembrane. Observations of 30 to 
40 nm sized vesicles in diatoms already confirmed their ability of endocytosis.65 However, 
whether this transport pathway is applicable to NPs as well remains uncertain up to now.  
In order to gather information on the uptake mechanism of diatoms, in vivo investigations 
with different diatom species in fresh water medium fed with fluorescent silica-QDs were 
done. Thereby, the fluorescence of the QDs allows their facile observation and localisation 
with a fluorescence microscope. To ensure that the transport of the silica-QDs through the 
membrane is principally possible, the particles must fit through the pores of the external 
shell (frustule). Usually, the smallest pores that can be found in the frustules of diatoms 
have a diameter of 50 nm. Therefore, the NP size should be notably smaller. 20 nm sized 
silica-QDs were used for the experiments performed in here.  
One of the main challenges for the in vivo investigations is the colloidal stability of the 
silica-QDs in the culture medium, which is influenced by the pH, the ionic strength or other 
components of the medium such as the diatom adhesives. If the colloidal stability was 
reduced, aggregation and precipitation of the NPs would occur which may disturb the 
effective silica uptake by the diatoms. In fact, first in vivo experiments in salt water medium 
with high ionic strength (~500 mM) showed strong voluminous precipitation of the silica-
QDs accompanied by earlier cell death as compared to the reference samples fed with 
sodium metasilicate. Thus, colloidal stability is a necessary requirement for trustworthy 
results. Similar experiments in fresh water with an ionic strength of 0.7 mM showed no 
significant aggregation in a time range of two weeks. As a compromise of the colloidal 
stability of the silica-QDs and the optimal growth conditions of the diatoms, a neutral pH of 
7 was chosen.  
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Table 3-8 presents bright-field and fluorescence microscope images of in vivo investiga-
tions with three different fresh water diatom species, namely Sinura echinulata (SE), 
Pinnularia sp. (PS) and Navicula pelliculosa (NP) after a growth time of 3 d. In the 
fluorescence microscope images of the red channel, living diatom species show a red colour 
due to the fluorescence of chlorophyll. The green channel on the other hand allows the 
imaging of the green-emitting QDs. As a common effect for all cultures, NP agglomeration is 
observed in the medium in the presence of diatoms. This is probably a result of the inter-
actions between the NPs and the EPS secreted by the cells. Additionally, a strong association 
of fluorescent silica-QDs on the diatom surface is observed presumably due to the 
adsorption on the organic adhesive. 
 
Table 3-8: Bright-field and fluorescence microscopy images of in vivo studies of 
different fresh water species with CdSe/CdS/silica QDs. The growth time 
was 3 days and the illumination time for the fluorescence images 1s.  
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However, no fluorescence is present inside the cells. In the case of Synura echinulata, an 
enrichment of QDs in the exterior shell is observed. This could be the first indications of a 
metabolic integration of the particles. However, no vesicles as a clear evidence for 
endocytosis were found. These observations rather encourage the earlier assumption that 
only dissolved silica species are metabolised by the cells. 
The concentration of mono- and disilicic acid in the culture medium during the diatom 
growth can be monitored using the molybdenum blue method. The development presented 
in Figure 3-21 shows a rapid increase of the silicic acid concentration to 300 µM in a culture 
medium of Synura echinulata. The same trend is observed when the culture is starved for 
7 d before silica-QD feeding, although the silicate concentration is much lower due to the 
lower population density. This indicates the dissolution of the silica shell from silica-QDs 
either by a shift of the solubility equilibrium or a near-surface protein-mediated pathway. 
The resulting dissolved silicate species are then taken up by the cells. 
In conclusion, the here presented in vivo investigations rather point out that the diatoms 
mainly metabolise silica in form of dissolved species. Although in some cases indications for 
a metabolic uptake through endocytosis are observed, it was clearly proven that dissolved 
silica species are generated. However, a definite evidence for the existence or non-existence 
of an uptake pathway for silica NPs was not found yet. 
 
 
Figure 3-21: Development of the silicate concentration of 2 l batches of Synura 
echinulata. The silicate concentration was determined with the molybde-
num blue method. 
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3.6 Summary and Outlook 
Within this chapter, 3D arrangements of QDs were presented. A special focus was laid on 
the 3D assembly of tetrazole capped silica encapsulated QDs into non-ordered porous 
networks by metal ion assisted complexation. These efforts successfully resulted in a novel 
silica-QD aerogel material with non-quenching PL behaviour. In comparison to other 
monolithic silica-QD structures, a defined and controllable distance between the QDs is 
supplied in these gels, providing control over energy transfer processes. As the gelation can 
be performed stepwise upon subsequent addition of metal ions, monitoring of the net-
working process at any desired moment of time is easily possible. Herein, monitoring of the 
gel formation process was done with optical spectroscopy. These investigations revealed 
that the optical properties of the nanocrystals could be preserved in the 3D network since 
no spectral shifts, lifetime shortening, PL quenching or decrease of PL QY are observed in 
this novel silica-QD gels, as until now has all along been the case for QD-based gels.  
In addition to the optical properties, the porosity of the aerogels is a characteristic 
criterion. Using nitrogen physisorption measurements, a specific surface area of around 
270 m2/g was determined for these structures. Considering both, the porous structure of 
the silica-QD network and the porous nature of the silica shell itself, opens up a promising 
future in the field of sensing. First attempts hereto revealed that as a result of their porous 
nature, metal ions, such as Zn2+, Cd2+ and Pb2+, are allowed to pass through the shell and 
interact with the QD core causing detectable changes of the emission properties. Though, 
the reasons for the PL changes, especially the different behaviour of Zn2+ and Cd2+, were not 
fully explained yet and require further and refined investigations. In this context, XPS 
measurements may yield helpful information, although this might be a challenging task, due 
to shielding of the QD core by the rather thick silica shell. As a further result of the porosity 
of the material, a manipulation of the QD core in the finally arranged network might be 
possible, providing various possibilities of further expanding the repertoire of aerogel 
materials. A cation exchange was ought to be induced by the exposure to Ag+ in this work, 
however, solely the formation of Ag NPs could be affirmed. Parameter optimisation of the 
experimental procedure should be done in order to avoid metal NP formation. 
With respect to future applications in the field of solid state lighting, the great advantage 
of the architecture of the silica-QD aerogel regarding the colour tuning was presented. On 
the basis of two differently emitting silica-QD species, it was demonstrated that colour 
tuning of the resulting mixed gel is very straightforward because no energy transfers and 
thus no spectral shifts have to be considered.  
It was further presented that the gelation method is applicable to a variety of tetrazole 
capped silica-QDs independent from the QD core. This sets the stage for the facile preparati-
on of a wide range of mixed gel structures when also including other tetrazole capped 
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nanoparticle species. As long as silica coating is successfully achieved, there are no 
restrictions to this gelation procedure. Thus, the most crucial point for the gel formation 
from silica-QDs is not the sol-gel transition itself but the prior silica coating. Major problems 
were encountered for In(Zn)P/GaP/ZnS QDs, as for these particles homogenous shell 
coating was not successfully realised yet. These irregularities led to complete PL loss upon 
exposure to TMSPAMTz, which may be explained by the complexation of In3+ and Ga3+ 
causing defects in the nanocrystal lattice. More homogeneous and especially thicker silica 
shells should help to avoid this effect.  
In order to study the interaction between plasmonic and fluorescent NP species in the 3D 
non-ordered gel networks, mixed Au/silica-QD hydrogels were prepared. The introduction 
of Au NPs into the network showed that plasmon enhanced fluorescence can be induced 
when the Au content in the gel is adjusted accordingly. In this work, an optimal Au NP 
content of 0.75% was determined. From studies of the PL intensity and PL decay, the 
enhancement is presumably attributed to an increase of the absorption cross section. 
However, the absorption of the samples was too weak to provide a reliable statement. In the 
case of Au NRs, homogeneous joint gelation was not achieved yet, which is probably due to 
CTAB residues from the NR synthesis. Further experiments are suggested when the CTAB 
residues are more efficiently reduced. Other particle shapes or plasmonic materials could 
also be applied in order to further increase the plasmon enhanced emission. Regarding this, 
a variation of the spectral overlap between plasmonic and fluorescent species might be done 
as well. 
In addition to the assembly of QDs into gels, two other types of 3D arrangement were 
briefly presented within this chapter. The incorporation of QDs into salt was shown for 
In(Zn)P/GaP/ZnS QDs. Although the silica encapsulation and gelation was not successful 
due to difficulties in the silica shell coating procedure, the embedding into an ionic matrix 
was viable. After prior ligand exchange with MPA, the QDs were successfully incorporated 
into NaCl and Borax. Whereas for Borax, an established co-crystallisation method was used, 
a modification of the novel LLDC method was applied in the case of NaCl. The composites 
revealed excellent photostability and their applicability as colour conversion material was 
demonstrated. A WLED with reasonable characteristics, such as a CRI of 65, a colour 
temperature (4451 K) close to that of daylight and a LER (323 lm/Wopt) comparable to a 
commercial LED, was demonstrated.   
Furthermore, the in vivo uptake into diatoms was studied. As it has been proposed that 
diatoms may be able to metabolise silica NPs, fluorescent silica-QDs were used as tracer 
species to prove this assumption. From the investigations it appears that the diatoms mainly 
metabolise dissolved silica species as dissolved silica species were clearly proven and no 
fluorescence inside the diatoms was observed. On the other hand, indications for an 
endocytosis were found for some diatom species, however, clear evidences were missing.      
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4.1 Preparation of Thin Films 
Whereas in the previous chapter 3, the three-dimensional assembly of colloidal silica 
coated QDs into non-ordered, porous superstructures was demonstrated, this chapter will 
focus on the preparation of two-dimensional thin films. By combining metal ion assisted 
complexation of tetrazole capped nanoparticles and functionalisation of silica with 
tetrazole-silanes with thin film preparation techniques, two-dimensional porous 
nanoparticle gel films are planned to be assembled onto glass substrates.  
In general, various approaches exist for the preparation of thin films. However, when 
restricting oneself to liquid-based techniques, the number of deposition techniques gets 
more manageable.1 The deposition of thin films from the liquid phase can be either realised 
by electrochemical processes, such as electroplating,2 electroless plating3 or electrophoretic 
deposition,4 or by mechanical techniques including drop-on,5 spin-on6 and spray-on7 
techniques as well as dipping techniques.  
For the preparation of porous thin films, liquid based techniques may be adapted. 
Especially two of the mechanical processes appear quite suitable, i.e. the drop-on and the 
dipping technique. 
The drop-casting method is a very trivial approach wherein e.g. a colloidal NP solution is 
simply dropped onto the desired substrate followed by solvent evaporation. Repeating this 
procedure several times enables the possibility to grow thicker films. However, during 
solvent evaporation, the NPs will organise and assemble in rather densely packed films. In 
order to create porous films with the drop-on technique, NP wet solvogels may be dropped 
onto the substrate instead of a colloidal dispersion. Subsequent solvent evaporation will 
lead to a certain contraction of the network, but a porous xerogel film will remain. The 
drop-on method is a simple and low-cost technique since it does not require advanced 
equipment. However, films prepared with this method usually suffer from low uniformity, 
film thickness inhomogeneities and low reproducibility as well as a limitation of the 
coverage area. Other liquid-based deposition techniques may overcome these drawbacks if 
one takes into account a more specialised setup. Spin-on and spray-on techniques for 
example would be an appropriate choice for the deposition NP films from colloidal solution. 
Nevertheless, these techniques are not adaptable to solvogel-deposition since they would 
lead to the destruction of the porous network. 
Another alternative for the formation of two-dimensional thin films is the dip-coating 
technique. Therewith, a substrate can be coated by dipping into a coating solution. When the 
substrate is withdrawn from the solution, a fluid film remains on the surface, which forms a 
solid film after solvent evaporation. The film thickness and uniformity are thereby primarily 
depending on the withdrawal speed v and density  and the viscosity  of the solution  
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𝑑 ∝ √
𝑣 ⋅ 𝜂
𝜌
 (4.1) 
(see (4.1). However, the continuity of withdrawal is also important, which is why dipping-
robots are likely applied for this purpose. Highly reproducible, thin and homogeneous films 
can be formed with this technique. One of the most common applications of this technique 
among researchers is the sol-gel dip-coating for the preparation of mesoporous metal oxide 
films8 such as TiO2,9 ZnO10 or SiO211. The gel film obtained by dipping the substrate into the 
sol solution and subsequent solvent evaporation is usually thermally treated to convert 
unreacted species into their oxides and remove organic residues. 
A further application of the dip-coating technique is the combination with the layer-by-
layer principle, whereby two contrasting layers are alternately deposited on a substrate. 
Thereby, each layer benefits from the advantages of the dip-coating procedure as mentioned 
above. Repeating the deposition of the alternating layers several times generates 
multilayers, thus allowing to adjust the thickness of the coating very precisely. The cohesion 
of the layers is realised by attractive forces between the materials of the different layers, e.g. 
most commonly electrostatic interactions. When a substrate is dipped into a concentrated 
solution of charged molecules, adsorption on the surface will take place until saturation is 
achieved. Following this, loosely bound excess molecules are washed off in an intermediate 
washing step and the surface is then resaturated with oppositely charged molecules in the 
next dipping step. The surface charge reversal after every dipping step allows continuing 
bilayer coating. Besides the original usage of the LbL dip-coating for the assembly of 
polyelectrolytes, the principle was demonstrated to be also adaptable to charged inorganic 
substances, which opened the path of LbL dip-coated NP films.12, 13  
The first films produced this way were reported by Kotov et al. in 1995 and were compos-
ed of alternative layers of the cationic polycation poly(diallylmethylammonium chloride) 
(PDDA) and negatively charged semiconductor NPs, i.e. PbS, TiO2 and CdS.12 Since then, 
numerous publications appeared describing NP film production based on this principle 
using various materials including CdS,12, 14, 15 CdSe,16, 17 CdTe,13, 18, 19 PbS12, 20, 21 and Au 22, 23. Due 
to the characteristic optical properties of the nanomaterials, it is possible to monitor the LbL 
assembly using absorption spectroscopy as the optical density linearly rises with the 
number of layers deposited.24  
The structure of the particle films was found to be dependent on the ionic condition such 
as ionic strength and pH as well as on the shape of the assembled particles. On the basis of 
electrostatic interactions as the principle of NP assembly, it is very obvious that the ionic 
conditions can directly influence attractive or repulsive forces between the particles 
themselves and with the substrate surface and thus affect the packing density and ordering 
of the films.25, 26  
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In this work a modified LbL dip-coating technique was applied, whereby multiple layer 
formation is achieved by metal ion assisted complexation27. This technique, which was 
previously used for the formation of monolithic, non-ordered superstructures (see 
chapter 3) can be easily adapted to subsequent growth of NP films when tetrazole capped 
NPs and metal cations are alternatively deposited. Porous gel-films are stepwise grown onto 
substrates this way. Furthermore, what might be of advantage in terms of stability is that 
less organic molecules are included in the films since polyelectrolytes are not applied as 
intermediate layers. The most challenging step within this technique is the deposition of the 
first layer since in comparison to polyelectrolytes the adsorption of tetrazole stabilised 
nanoparticles or metal ions onto blank glass surfaces is rather low. One possibility to 
overcome this problem is the deposition of an initial polyelectrolyte layer, such as PDDA, 
that provides a good surface coverage on the one hand and the possibility for tetrazole 
binding on the other hand.28 Tetrazole stabilised NP and linking metal ions can than 
alternately be deposited to promote film growth.  
 
 
Figure 4-1: Porous thin film formation onto silane coated glass with tetrazole 
functionality using dipping technique. 
Zn2+
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In order to completely exclude polyelectrolytes from the LbL assembly, a substitution for 
the initial PDDA layer was developed. Very similar to the principle of tetrazole 
functionalisation of silica coated QDs (see chapter 2.5), a tetrazole ligand that is directly 
bound to the oxidic glass surface via a silane group was intended to be applied. The 
schematic principle of the glass functionalisation and subsequent LbL assembly is shown in 
Figure 4-1. 
4.2 Thin Porous Xerogel Films 
A xerogel is a dry gel obtained by simple solvent evaporation of a wet gel under 
atmospheric conditions. Consequently, porous xerogel films are prepared by drop-casting of 
a small portion of a wet gel onto a flat substrate followed by air-drying.  
This procedure was performed for hydrogels, prepared from tetrazole capped silica-QDs 
(see chapter 2) on glass substrates. Xerogel films such as displayed in Figure 4-2 A can be 
obtained with this technique. Due to the porous nature of the silica-QD xerogel and the silica 
spheres themselves, the application of these materials in the field of optical sensing might 
be a promising perspective. Assuming a change of the PL emission of the silica-QD xerogel 
upon exposure to a certain analyte, monitoring of the optical properties of the gel might 
allow for the detection of the given analyte. Figure 4-2 B demonstrates that the fluorescence 
of the material can be manipulated by exposure to certain chemicals. As an example, the 
effect of exposure to hydrogen peroxide (H2O2), triethylamine (Et3N) and 3-mercapto-
propionic acid (MPA; pH~7, adjusted with NaOH) is shown. Whereas the chosen amine did 
not significantly change the PL intensity of the silica-QD xerogel, oxidising species such as 
H2O2 and thiol groups as in MPA were found to lower the PL intensity of the xerogel films.  
A problem that goes along with the xerogel film preparation technique is the 
reproducibility of the xerogel spots by the drop-cast method. The amount of fluorescent gel 
as well as the shape and surface roughness of the films might vary considerably. For 
 
 
Figure 4-2:  Photograph of silica-QD xerogel spots prepared by the drop-casting 
method before (A) and after (B) exposure to hydrogen peroxide, 
triethylamine and 3-mercaptopropionic acid.  
xerogel films:
Reference + H2O2 + Et3N + MPA
A
B
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Table 4-1: PL QY of various xerogel films 
sample 
QY of xerogel films [%] 
Spot 1 Spot 2 Spot 3 Spot 4 
Gel A 17.08 
14.89 
14.91 
18.56 
18.46 
15.96 
Gel B 
10.51 
10.53 
10.74 
10.77 
10.98 
10.26 
9.87 
9.66 
 
preliminary experiments and the quality of the outcome, this is, however, not crucial. The 
measurement of the PL QY of one xerogel spot is reproducible, but the PL QY from different 
but identically prepared spots may differ as demonstrated in Table 4-1. It should be noted  
that all measurements were done in reference to a non-fluorescent silica xerogel with 
similar scattering properties. In the case of gel A, the structure was more porous and had a 
rough surface. The measured PL QYs for this gel spot differed quite widely from 14.9 to 
18.5%. Gel B was more compact and thus the surface of the gel spot was smoother resulting 
in a higher reproducibility of the measured PL QY. By analysing the deviations between 
various spots and different xerogels, standard deviations of up to 8% were determined.  
In order to show how a sensor based on these silica-QD xerogel films might in principle 
work, a proof of principle experiment was performed using hydrogen peroxide as the 
analyte species. Hydrogen peroxide is a water soluble chemical that is widely employed in 
many industrial processes. Due to its strong oxidising properties and its disinfective effect, 
H2O2 is used for instance as bleaching agent in paper and textile industry, for waste-water 
treatment to remove organic impurities and for disinfection and sterilisation in food and 
pharmaceutical industry. Since it is demonstrated that exposure to H2O2 at levels ≥50 μM is 
cytotoxic to living organisms, the fast and reliable detection of H2O2 at concentrations 
ranging from micromolar to millimolar is therefore of great importance. Conventional 
techniques for H2O2 determination are titrimetry, chemiluminescence, fluorescence and 
spectrophotometry and electrochemistry. Nevertheless, most of these techniques are time- 
consuming and require complex and expensive instrumentation.29, 30 Regarding this, the 
development of a silica-QD gel covered test sheet would allow quick and easy determination 
of the hydrogen peroxide concentration and might be useful to estimate the residual content 
in hydrogen peroxide treated water, e.g. waste water or swimming bath water.  
For this purpose, the influence of H2O2 on the optical properties of silica coated CdSe/CdS 
was studied. First experiments were carried out in colloidal solution to get acquainted with 
the system with respect to material amounts and concentration range. CdSe/CdS/silica 
particles with an average diameter of 31 nm (see Figure 4-3 A) were used and hydrogen 
peroxide was added stepwise providing concentrations in the range of 10-5 to 1 mol/l. 
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Figure 4-3: Influence of hydrogen peroxide on colloidal silica-QDs. (A) TEM image of 
silica-QDs before H2O2 addition and after exposure to (B) 10-4 mol/l and (C) 
5x10-2 mol/l H2O2.(D) absorption and emission spectra for all addition steps 
and (E) Stern-Volmer plot for the PL intensity. 
 
Absorption and emission spectra were recorded from the initial colloidal solution and after 
every addition step (see Figure 4-3 D). The PL intensity is decreasing with increasing H2O2 
concentration, while the absorption remains nearly unchanged for low H2O2 concentrations. 
Exceeding a concentration of 10-3 mol/l, the absorption features are vanishing which leads to 
the assumption that the QDs are deteriorated under H2O2 exposure. TEM analysis 
additionally showed structural changes of the silica shells. Figure 4-3 A - C shows TEM 
images of the silica-QDs used for this experiment before H2O2 addition and with 10-4 and 
5x10-2 mol/l H2O2. These images reveal clearly that the silica nanoparticles are destroyed 
subsequently under the exposure of H2O2. Under alkaline conditions, present in silica-QD 
colloidal solutions, H2O2 undergoes dissociation into protons and hydroperoxide anions. 
Upon reaction with another H2O2 molecule, the latter species may lead to the formation of 
hydroxyl radicals according to equation (4.2 and (4.3.31 Hydroxyl radicals are highly reactive 
and are capable of dissolving silica, which might explain the structural change.32 
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𝐻2𝑂2  ⇌  𝐻
+ + 𝐻𝑂𝑂− (4.2) 
𝐻2𝑂2  +  𝐻𝑂𝑂
−  ⇌  𝐻𝑂 ∙ + 𝑂2 ∙
− +  𝐻2𝑂 (4.3) 
 
Whereas the physical appearance of the silica spheres is not changed dramatically with a 
H2O2 concentration of 10-4 mol/l, raising the concentration to 5x10-2 mol/l leads to massive 
structural damages. A recyclable sensor based on this nanomaterial is therefore impossible. 
However, disposable test sheets are a conceivable option.   
In Figure 4-3 E, the Stern-Volmer plot of the PL intensity according to equation (4.4 is 
shown: 
 
𝐼0
𝐼
= 1 + 𝐾𝑆𝑉 ∙ [𝑄] (4.4) 
 
whereby I0 is the PL intensity of the fluorophore, I is the PL intensity of the fluorophore in 
the presence of the quencher Q and KSV the Stern-Volmer quenching rate coefficient. The 
plot reveals a linear slope in the H2O2 concentration range of 10-5 to 10-1 mol/l, which is a 
suitable behaviour with respect to sensing applications. The slope is equivalent to the 
quenching rate coefficient and was determined to be KSV = 4360.2 l/mol. However, the equili-
bration time was quite long. It took several hours of resting until proper measurements of 
the optical properties could be performed.  
After these preliminary experiments, the study was repeated for silica-QD xerogel films, 
prepared as described above. In this case, quartz glass was chosen as the substrate because 
of its good suitability for fluorescence spectroscopy. The fluorescence spectra of the xerogel 
spots were then recorded with an integrating sphere setup. H2O2 of different concentrations 
was also added dropwise directly onto the xerogel spot. Once the spots were dried after 
approximately 2 minutes, the PL intensity did not change anymore. Hence, the equilibration 
time for the xerogel system is much faster than for the colloidal solution. Same as for the 
silica-QD solutions, the PL intensity of the silica-QD xerogels decreases with increasing 
concentration of H2O2 (see Figure 4-4 B). The Stern-Volmer plot in the H2O2 concentration 
range of 10-4 to 10-1 mol/l shows a similar trend as in the preliminary experiment, however, 
the slope is much lower (22.8 l/mol) and the measurement appears to be less precise, 
especially in the lower concentration range (see Figure 4-4 A). The latter might be due to the 
experimental implementation, i.e. dropping the analyte solution onto the xerogel spot, 
which might lead to insufficient distribution and the inhomogeneities of the xerogel films 
themselves. 
The lower slope reflects a decreased quenching rate for the xerogels compared to the 
colloidal solutions. The main reason for this might be the absence of an alkaline aqueous  
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Figure 4-4:  Influence of hydrogen peroxide on silica-QDs xerogel. (A) Stern-Volmer 
plot of the PL intensity and (B) photograph of the measured xerogel spots 
before (upper row) and after (lower row) addition of different concentrated 
H2O2 solution. 
 
solution, which prevents the formation of highly reactive hydroxyl radicals from H2O2 and 
thus reduces the quenching rate. Additionally, the decomposition of the organic compounds 
in the xerogel network by H2O2 should be considered as well. As discussed before, H2O2 is a 
strong oxidising agent and for the gel formation, the tetrazole ligand TMSPAMTz is applied 
to the silica-QD surface. Hence, a considerable fraction of the H2O2 might be used up by the 
decomposition of the organic ligand and thus does not interact with the QDs. Consequently, 
as compared to the colloidal solution, more H2O2 is needed in the case of xerogels to cause 
the same PL quenching.  
In conclusion, it is possible to use xerogel films as sensors for H2O2 concentrations. However, 
the linear detection range does not fit the industrial demands from micromolar to 
millimolar for this analyte and the experimental implementation should be improved.  
4.3 Layer-by-Layer Assembly of NPs on Tetrazole 
Functionalised Glass Substrates 
One of the main disadvantages of the thin xerogel film formation with the drop-on method 
is the low reproducibility of the film thickness, coating area and texture. As a consequence of 
this, the comparability between several coatings is reduced. For more homogeneous and 
reproducible xerogel films, a LbL dip-coating approach was applied in this work. The gel is 
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directly formed on a glass substrate modified with a silane ligand with tetrazole 
functionality by stepwise metal ion assisted complexation of tetrazole capped nanoparticles. 
4.3.1 Preparation of Tetrazole Functionalised Glasses  
Two strategies can be followed for the linkage of a tetrazole function onto glass substrates 
in principle, i.e. the direct coupling of previous described TMSPAMTz in a one-step 
procedure, or the tetrazole ring formation on the glass surface in a two-step reaction. 
A direct coupling of the pre-synthesised tetrazole-silane ligand TMSPAMTz was found to 
be inefficient. The reason hereto is the solubility of the solid ligand. The only solvent for the 
ligand is water. However, fast hydrolysis and condensation takes place in aqueous solution. 
In the case of small silica spheres, this was of advantage since it allowed for quick and easy 
surface functionalisation. In the case of planar substrates on the contrary, homogeneous 
surface coating is not possible, as the distribution and surface reactivity is probably too low 
compared to the fast reaction.  
A more reliable approach is the synthesis of the tetrazole ring directly onto the substrate in 
a two-step reaction, similar to the proposal in chapter 2.5.2.1. The strategy is schematically 
drawn in Figure 4-5. A hydrophilised glass substrate is immersed in a solution of 3-cyano-
propyltriethoxysilane in toluene for 24 hours at room temperature. The hydrophilisation is 
necessary to provide deprotonated hydroxyl groups on the glass surface that enable the 
condensation reaction with the silane ligand to take place. In the following step, the cyano 
function is reacted with sodium azide in the presence of triethylamine hydrochloride for 
another 24 hours at 70 °C in a [2+3] cycloaddition to a tetrazole ring. 
To confirm the successful tetrazole coating of the substrate, the pKa was determined by pH 
titration. The results of the acid-base titration in both directions are displayed in Figure 4-6. 
Both titration curves have a point of inflection at around 5 which matches well with the 
theoretical value of the pKa of 4.9.33, 34 For comparison, the titration curves of a non-
functionalised reference glass substrate is additionally shown, which lacks of such a point in 
the pH range of interest. 
 
 
Figure 4-5: Two-step approach for tetrazole functionalisation of glass substrates. 
+CPTMS 
Toluene, RT, 24h
+NaN3, NEt3HCl 
Toluene, 70 C, 24h
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Figure 4-6: pH titration of tetrazole functionalised glass. 
 
 
Figure 4-7:  FTIR spectra of tetrazole functionalised silica NPs as well as of non-
functionalised silica NPs. 
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In addition to the pH titration, the films were characterised by FTIR spectroscopy. 
However, assuming that only a monolayer of ligand is coated onto the substrate, the 
intensity of the signal of interest would be much lower than the intensive vibration bands 
caused by the siloxane groups of glass. Even for small silica spheres, the changes in the FTIR 
spectrum were quite delicate (compare chapter 2.5). FTIR spectra of the functionalised glass 
substrates approved this assumption since the only vibration bands observed were assigned 
to silica.  
In order to increase the ligand-to-glass ratio and thus raise the chance of successful 
tetrazole band detection, silica NPs with a larger surface-to-volume ratio than glass slides 
were functionalised with tetrazoles analogously to the glass substrates. Their FTIR 
spectrum exhibits several weak bands in the range of the C-H stretching of the alkyl chain 
and stretching of the heteroring (see Figure 4-7, wavenumber ranges of interest are 
highlighted in yellow), indicating the existence of tetrazole functionalities on the silica 
surface.  
4.3.2 LbL Assembly 
Layer-by-Layer assembled films were prepared by alternate dip-coating of the tetrazole 
functionalised substrates into zinc acetate solution and aqueous NP dispersion. As a 
consequence of the experimental setup, relatively large volumes (20 ml) of the dipping 
solutions are necessary in order to coat large areas of the substrates. With the procedure 
discussed in this work, the preparation of these large amounts of silica coated QDs with 
sufficiently high colloidal concentration is challenging. The experiments in this chapter were 
therefore carried out for Au NPs in the first instance.  
As described in the previous chapter 4.3.1, the functionalisation is done in a two-step 
procedure, with the first step being the coating with the silane ligand CPTES and the second 
step being the transition of the cyano end group to a tetrazole ring. The surface coverage of 
the substrate with tetrazole functions is a very crucial parameter for the film coating and 
can be varied by adjusting the amount of silane ligand used for the functionalisation. Too 
low amounts (<<1% w/w) would lead to a poor surface coverage and would not allow for a 
continuous film to be formed since far too few attachment points would be present. 
Gradually increasing the amount of silane ligand (~ 1 - 3% w/w) would increase the 
coverage until surface saturation or polysilsesquioxane layer formation.35, 36  
The amount of tetrazole on glass was varied by changing the initial CPTES amount and 
corresponding sodium azide amount. It should be noted that principally a huge excess of 
silane was necessary compared to the theoretical maximum surface coverage of a 
monolayer of silane ligands. Assuming a required space of the ligand of 0.4 nm2,37 the 
amount of ligand molecules on a substrate (26 x 25.3 x 1 mm) would be around 6 nmol. 
However, the amounts used were about 5 orders of magnitude higher. In this context, 
  
Silane-Based Thin Film Preparation 
 
 
 
108 
 
several issues should be considered, such as the low reaction speed due to the low 
concentration regime and the absence of a catalyst, the possibility of side reactions with the 
flask surface or intramolecular reactions as well as the idealised assumption of a monolayer 
formation.  
Subsequently, the influence of the ligand density on the NP assembly was studied. 
Absorption spectra of Au NPs assembled on these substrates using LbL dip-coating with 100 
dipping cycles are shown in Figure 4-8. The graphic clearly shows that raising the initial 
silane concentration from 54 mM to 72 mM allows depositing higher amounts of Au NPs 
within the same number of dipping cycles. A further increase of the silane concentration to 
143 mM does not further raise the amount of Au NPs deposited but only arouses the 
increased background. The concentration of 72 mM was therefore chosen as the amount for 
further experiments. As references, the spectra of substrates that were treated with the 
silane or with sodium azide only are given in the Figure as well. No significant absorption, 
which would be contributed to a successful assembly of Au NPs, was observed for these 
substrates. 
Figure 4-9 A shows a photograph of the uniform assembled Au NP film on a glass substrate 
with initial silane concentration of 72 mM. The structure of the film was further 
characterised with SEM. The top view in Figure 4-9 B reveals a homogeneous surface 
coverage of the substrate with the NP film. The film itself has a rough surface, indicating the 
porous gel structure of the assembly. The film thickness was determined from SEM as well,  
 
 
Figure 4-8: Absorption spectra Au NPs LbL dip-coated (N=100) onto glass 
substrates with different amounts of initial silane ligand. The amount of 
CPTES is represented by its concentration in the incubation solution. 
Substrates that were solely treated with the silane or sodium azide are given 
as references.  
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by tilting the sample by 90° as displayed in Figure 4-9 C and D. The determined film 
thickness ranged from approximately 600 nm to 700 nm. The porous nature of the film is 
reflected in Figure 4-9 D. This image shows three neighbouring areas in the vertical section 
of the Au NP assembly. The two areas on the side were previously exposed to the electron 
beam from the top view and show as a consequence of this a collapsed structure with 
reduced film thickness. In the case of a dense structure, a collapse by this extent would not 
occur.  
As described previously, polyelectrolytes such as PDDA were used as initial layer for the 
LbL deposition of tetrazole capped NPs based on the metal ion assisted complexation by 
Wolf.28 In order to directly compare these films with the ones produced in this work, a 
corresponding set of samples was prepared. Figure 4-10 shows the absorption spectra (A) 
and a photograph (B) of two equally dip-coated glass substrates, whereby one was pre-
functionalised with tetrazoles and the other one with PDDA. From both, the higher 
absorption and the darker appearance in the photograph, it becomes apparent that the  
 
 
Figure 4-9: (A) Photograph and (B)-(D) SEM images of Au NPs LbL dip-coated 
(N=100) onto a glass substrate with an initial silane amount of 72 mM. 
The SEM image in (B) was made from top view, whereas the sample was 
tilted by 90° in (C) and (D). (D) shows the side view of areas that were 
priorly exposed to the electron beam from the top view. 
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Figure 4-10: (A) Absorption spectra and (B) Photograph for the comparison of Au 
NPs LbL dip-coated (N=100) onto glass with Tz (72 mM) or PPDA initial 
layer. 
amount of Au NPs within the PDDA sample is larger. However, SEM characterisation 
revealed similar coating thicknesses for both samples, which leads to the assumption that 
the LbL assembled films with initial PDDA layer are denser as compared to the tetrazole- 
silane prefunctionalised substrates or, in other words, LbL assembled films on tetrazole 
functionalised glasses have a higher porosity. 
In conclusion, the here presented LbL dip-coating approach based on tetrazole 
functionalised NPs and glass surfaces can successfully be applied for the preparation of 
porous thin films. The applicability to NP species other than Au NP, more detailed 
investigations on the reproducibility and porosity as well as investigations on the sensing 
ability remain to be done.   
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4.4 Summary and Outlook 
Two approaches for the preparation of thin porous nanoparticulate films were discussed 
in this chapter, i.e. a straightforward drop-casting method and a LbL dip-coating technique. 
With the drop-casting method, xerogel films from silica-QD hydrogels were prepared in a 
fast and easy manner. The porosity of both, the films and the silica shells of the nanoparticu-
late units, allows for the QDs assembled in the structure to interact with certain molecules. 
In some cases, such as for H2O2 or MPA, this interaction may result in a detectable PL change, 
which is a suitable behaviour with respect to a future sensing application. Exemplarily per-
formed for H2O2, a concentration dependent PL quenching with Stern-Volmer characteristics 
was found (KSV = 22.8 l/mol). However, the detection range for H2O2 does not suit the indus-
trial demands from micromolar to millimolar. Therefore, other quencher species should be 
considered. Time-resolved PL measurements were not acquired yet but will deliver more 
detailed information on the quenching mechanism (static or dynamic quenching).  
One of the main difficulties of the xerogel film formation is the lack of uniformity and 
reproducibility of the deposited film in terms of film thickness and roughness as well as the 
coverage area. However, these drawbacks will remain as long as the drop-casting approach 
is applied. For this reason, a more reproducible concept was presented that is based on a 
LbL dip-coating method, wherein a porous gel film is stepwise assembled by complexation 
of alternating layers of tetrazole capped NPs and metal ions. The basis of the film is a planar 
glass substrate functionalised with tetrazole moieties as well. For the establishment of the 
initial tetrazole layer onto the glass substrate, a two-step mechanism was developed, 
wherein a silane ligand with cyano head group is first grown onto the substrate surface 
which is then reacted to a tetrazole ring in the second step. Although a quantitative analysis 
remains challenging due to the low amount of ligand compared to the glass substrate, 
indications for the existence of a tetrazole-silane layer were found by pH titration and FTIR 
spectroscopy. Furthermore, the amount of deposited NPs species was found to be directly 
related to the initial silane concentration. An optimal ligand amount was determined from 
these investigations, whereby assumedly a complete surface coverage is achieved.  
Due to their easier large scale production in comparison to silica-QDs, Au NPs were used 
in this work for the LbL assembly of porous thin films. The assembly of various other NP 
species with this procedure remains to be done but should, however, be achievable without 
difficulties as long as proper tetrazole capping of the NP species is provided. The subsequent 
growth of the porous gel network with every dipping cycle allows to precisely tune the film 
thickness and further provides the possibility to alternate the NP layers creating manifold 
sequences. More detailed investigations on the physical properties of the assembled films 
including their porosity, optical properties and sensing ability should be done from here 
onwards.      
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Final Conclusions 
 
 
The main achievement of this work was the development of a novel aerogel material with 
non-quenching PL behaviour by using silica coated QDs as nanoparticulate building units. In 
comparison to other monolithic silica-QD structures or aerogels from pure QDs, a defined 
and controllable distance between the fluorescent QDs is provided in these structures by the 
silica shell. The spacing was shown to efficiently disable energy transfers so that no spectral 
shifts, lifetime shortening or PL QY losses are observed during the colloid to gel transition. 
The silica shell, established by a standard reverse microemulsion approach, was found to 
exhibit a certain porosity, which was proven by gas adsorption measurements. Existing 
cavities in the micro- and mesoporous range were found to allow small species such as 
metal ions to pass through the shell and interact with the QD core causing a detectable 
change of the PL intensity, which makes these materials suitable for future sensing 
applications.    
The gel preparation was based on a metal ion assisted complexation approach, which 
requires tetrazole functionalisation of the nanoparticulate building units. A major 
development in this work that permitted this gelation approach for silica-QDs was the 
development of a novel tetrazole-silane ligand. TMSPAMTz was specifically designed to bind 
to the silica surface of silica-QDs in aqueous solution and was prepared by a covalent 
coupling of an alkyl chained silane with a 5-subsituted tetrazole ring. Network formation is 
subsequently achieved by the interconnection of negatively charged tetrazole rings with 
metal ions, which allows for a broad spectrum of aerogel materials from different NP 
species as well as their mixtures as long as tetrazole capping is provided. Considering this 
diversity and the disabling of energy transfers, straightforward colour tuning was 
demonstrated herein by mixing differently emitting silica-QD species which gives great 
prospects for lighting applications. Furthermore, the possibility of plasmon enhanced 
emission was presented for mixed Au NP/silica-QD gels.  
With respect to future sensing applications, thin porous films from silica-QDs gels were 
prepared, which showed a promising concentration dependant PL quenching for the model 
analyst hydrogen peroxide. However, the film reproducibility of the applied drop-cast 
coating method was insufficient. As a suggestion to this, a LbL method was presented, 
wherein a gel is subsequently grown with the metal ion assisted complexation approach. In 
addition to the tetrazole ligands on the NP surface, tetrazole-silane ligands were used in this 
approach to functionalise the glass substrate surface. By this, homogeneous gel films of 
distinct thickness can be grown while the use of organic polymers can be completely 
avoided. 
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 Besides the preparation of NP assemblies, standard Cd-based QD materials as well as Au 
NPs of different sizes and shape, recent advances in the synthesis of InP-based QDs were 
presented in this work. A thorough investigation and understanding of the growth 
influencing parameters allowed for the establishment of preparation routes for 
In(Zn)P/GaP/ZnS core/shell/shell QDs with emission wavelengths tuneable within a large 
range from 500 to 650 nm, narrow peak widths of 45 to 70 nm and PL QYs up to 60%. 
Successful incorporation of these QDs into salt matrices was further demonstrated. The 
resulting composite materials are very photostable and suitable as colour conversion 
materials for solid state lighting, as was clearly pointed out by a self-prepared WLED that 
met the standard commercial LEDs. 
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 AppendixA
A.1 Chemicals and Apparatus 
Table A-1: List of chemicals 
Chemical Abbreviation Supplier Molecular weigth [g/mol] Purity 
Acetone - Merck 58.08 p.A. 
Aluminium chloride 
hexahydrate 
AlCl3·6H2O Gru ssing 241.43 99% 
Aluminium telluride Al2Te3 Cerac 436.76 99.5% 
(3-Aminopropyl)tri-
methoxysilane 
APTMS Sigma-Aldrich 179.29 97% 
Ammonium hydroxide, 
28w% 
NH4OH Sigma-Aldrich 35.05 99.99% 
L-(+)-Ascorbic acid - Sigma-Aldrich 176.12 99% 
Butanol - Gru ssing 74,12 99.5% 
Borax - Gru ssing 201.22 99% 
Cadmium acetate Cd(OAc)2 Sigma-Aldrich 230.50 99.99% 
Cadmium oxide CdO Sigma-Aldrich 128.41 99.5% 
Cadmium perchlorate 
hexahydrate 
Cd(ClO4)2·6H2O Alfa-Aesar 419.42 99.999% 
Calcium chloride, 
anhydrous 
CaCl2 Gru ssing 110.98 - 
Chloroacetonitrile - Merck 75.50 p.A. 
Chloroform - Sigma-Aldrich 119.378 99% 
(3-Chloropropyl)tri-
methoxysilane 
ClPTMS Sigma-Aldrich 198.72 97% 
(3-Cyanopropyl)trieth-
oxysilane 
CPTES Sigma-Aldrich 231.36 98% 
Cyclohexane, extra dry - Acros 84.16 99.5% 
Diethyl ether - Sigma-Aldrich 74.12 >99.5% 
1-Dodecanthiol DDT Alfa-Aesar 202.4 98% 
Ethanol EtOH Merck 46.94 p.A. 
Ethylenediaminetetra-
acetic acid 
EDTA Sigma-Aldrich 292.24 99% 
Extran® MA01 - Merck - - 
Gallium chloride GaCl3 Sigma-Aldrich 176.08 99.999% 
Hexadecylamine HDA Sigma-Aldrich 241.46 90% 
Hexadecyltrimethyl-
ammonium bromide 
CTAB Sigma-Aldrich 364.45 98% 
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Chemical Abbrevation Supplier Molecular weigth [g/mol] Purity 
Hexane - VWR 86.18 p.A. 
Hexanol - Merck 102,18 p.A 
Hydrochloric acid HCl Sigma-Aldrich 36.46 p.A. 
Hydrogen peroxide, 
30w% 
H2O2 Sigma-Aldrich 34.02 - 
Indium acetate In(Oac)3 Sigma-Aldrich 291.95 99.99% 
IGEPAL® CO-520 - Sigma-Aldrich ~441 - 
iso-Propanol i-PrOH VWR 60.10 p.A. 
Lead(II) acetate 
trihydrate 
Pb(OAc)2·3H2O Gru ssing 379.33 99.99% 
Methanol MeOH Sigma-Aldrich 32.04 p.A. 
Mercaptopropionic 
acid 
MPA Merck 106.14 98% 
(3-Mercaptopropyl)tri-
methoxysilane 
MPTMS Sigma-Aldrich 196.34 95% 
Mercaptoundecanoic 
acid 
MUA Sigma-Aldrich 218.36 95% 
1-Octadecene ODE Sigma-Aldrich 254.4 90% 
Octadecylamine ODA Sigma-Aldrich 269.51 90% 
Oleic acid OA Alfa-Aesar 282.46 90% 
Palmitic acid - Sigma-Aldrich 256.42 98% 
Rhodamine 6G r6g Radiant Dyes 
Laser 
479.02 - 
Rhodamine 101 r101 Radiant Dyes 
Laser 
490.59 - 
Selenium Se Sigma-Aldrich 78.97 99.999% 
Silver nitrate AgNO3 Roth 169.87 99.9% 
Sodium azide NaN3 Acros 65.01 99% 
Sodium borohydride NaBH4 Riedel de Hae n 37.83 95% 
Sodium chloride NaCl VWR 58.44 p.A. 
Sodium citrate 
dehydrate 
- Sigma-Aldrich 294.10 - 
Sodium hydroxide 
solution 
NaOH Th. Geyer 40.00 - 
Sodium salicylate - Acros 160.10 99+% 
Sulphur S Sigma-Aldrich 32.06 99.98% 
Sulphuric acid H2SO4 Merck 98.08 - 
Tetrachloroauric(III) 
acid trihydrate 
HAuCl4·3H2O Sigma-Aldrich 393.83 ≥ 49% Au 
basis 
Tetraethyl 
ortholsilicate 
TEOS Sigma-Aldrich 208.33 99.999% 
Tetrahydrofurane, 
anhydrous 
THF Sigma-Aldrich 72.11 99.99% 
Toluene - Merck 92.14 p.A. 
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Chemical Abbrevation Supplier Molecular weigth [g/mol] Purity 
Triethylamine NEt3 Sigma-Aldrich 101.19 99.5% 
Triethylamine 
hydrochlorid 
NEt3·HCl Alfa-Aesar 137.65 98% 
Trimethylsilylphos-
phine 
(TMS)3P Acros 250.54 98% 
Trioctylphosphine TOP ABCR 370.64 97% 
Trioctylphosphine 
oxide 
TOPO Sigma-Aldrich 386.63 99% 
Triphenylphosphine - Sigma-Aldrich 262.29 99% 
TritonTM X-100 - Sigma-Aldrich ~625 - 
Zinc acetate  Zn(OAc)2 Sigma-Aldrich 183.48 99.99% 
Zinc acetate dihydrate Zn(OAc)2·H2O Sigma-Aldrich 219.5 99.999% 
Zinc oxide ZnO Sigma-Aldrich 81.39 99.9% 
 
All aqueous solutions were prepared from Milli-Q water (Millipore, 18.2 MΩ/cm). 
A.2 Synthesis of QDs 
A.2.1 Synthesis of CdSe/CdS and CdSe/CdS/ZnS Core/Shell QDs 
Fluorescent hydrophobic core/shell QDs were synthesised using a hot-injection procedure 
with subsequent SILAR coating reported previously.1 The calculation of precursor injection 
amounts for the ZnS shells was done analogously to CdS shells.  
In detail, for the synthesis of CdSe cores, CdO (0.4 mmol, 51.36 mg), OA (2 mmol, 630µl) 
and 10 ml ODE are mixed in a 25 ml three-neck round-bottom flask and slowly heated to 
100 °C under vaccum for 60 minutes. After flushing with inert gas, the mixture is heated to 
300 °C resulting in a clear and colourless solution and is then cooled to 100 °C. HDA (2 g) and 
TOPO (2 g) are added followed by another 60 minutes of evacuation. Thereafter, the system 
is flushed with inert gas and then heated to 270 °C. At this temperature, the precursor 
consisting of ODE (6 mmol, 2 ml), TOP (1.6 ml) and Se-TOP (0.4 ml, 2M) solution is rapidly 
injected. The temperature is then reduced to 240 °C during nanoparticle growth. When the 
desired particle size is reached, the reaction is quenched with a cold water bath and 6 ml of 
toluene are additionally added. 
The nanoparticle dispersion is subsequently washed two times with a 5:1 v/v 
acetone/methanol mixture and centrifuged for 5 minutes with 4500 rpm. The supernatant is 
discarded and the precipitated nanoparticles are redispersed in 4 ml fresh toluene after 
every washing step.  
For CdS shell coating, 120 nmol of purified CdSe cores are provided in a 25 ml three-neck 
round-bottom flask together with ODA (1.5 g) and 6 ml ODE and evacuated for 30 minutes at 
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100 °C to completely remove the toluene. For the SILAR coating, 0.04M cation and the anion 
precursor solutions are injected alternately at 240 °C respectively 245 °C followed by 15 min 
of stirring after every injection. The cation precursor is prepared by dissolving CdO 
(30.9 mg) and OA (609 µl) in 5.4 ml ODE at 300 °C and the anion precursor by dissolving 
sulphur powder (7.7 g) in 6 ml ODE at 150 °C. The calculation of the injection amounts is 
done considering the size of the crystallites determined from the absorption spectrum and 
the thickness of the formed CdS shell 0.35 nm, assuming the formation of a monolayer CdS 
with wurtzite structure with every injection cycle.  
A.2.2 Synthesis of CdSeZnS Alloy QDs 
CdSeZnS QDs with chemical composition gradient were synthesised according to the 
literature.2 In brief, CdO (0.4 mmol), Zn(OAc)2 (4 mmol), OA (17.6 mmol) and 20 mL of ODE 
were placed in a 100 mL round flask. The mixture was heated to 110 °C and degassed in the 
vacuum for 30 min, then filled with nitrogen and further heated to 310 °C to form a clear 
solution of Cd(OA)2 and Zn(OA)2. At this temperature, a mixture of Se powder (0.4 mmol) 
and S powder (4 mmol) dissolved in 3 mL of TOP were quickly injected into the reaction 
flask and the temperature of the reaction flask was set to 300 °C for promoting the growth of 
QDs. After 10 min of growth, the flask was cooled to room temperature to stop the growth. 
Finally, colloidal QD solutions in chloroform, hexane or toluene were obtained after 3 times 
purification by adding 20 mL of chloroform and an excess amount of acetone followed by 
centrifugation.  
A.2.3 Synthesis of InP/GaP/ZnS Core/Shell/Shell QDs 
The synthesis of In-based QDs was adapted from the literature.3 Green-emitting QDs were 
done following the described procedure, whereas for blue- and red-emitting QD severe 
modifications were made. These modifications are solely related to the InP cores. GaP and 
ZnS coating were kept constant.  
Preparation of InP QD cores: In detail, for the preparation of green-emitting InP cores, 
In(OAc)3 (35 mg, 0.12 mmol), Zn(OAc)2·2H2O (13.8 mg, 0.06 mmol) and palmitic acid (94.2 mg, 
0.36 mmol) dissolved in 8 ml ODE were provided in a 50 ml three-neck round-bottom flask. 
The mixture is heated to 200 °C under inert gas atmosphere to form a clear solution. After 
cooling to 115 °C, the flask is alternately evacuated and flushed with inert gas three times and 
then kept under vacuum at this temperature for 30 minutes. Following this, the temperature 
is raised to 300 °C under inert gas, and the phosphor precursor solution is rapidly injected 
into the hot solution. The phosphor precursor was mixed in the glovebox on the beforehand 
using (TMS)3P (17.4µl, 0.06 mmol) and 1 ml ODE in a 2 ml glass syringe. For the particle 
growth period, the temperature is reduced to 230 °C and kept at this level for 2 h. Slight 
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modifications of the emission wavelength were reached by variation of the injection 
temperature and Zn amount as can be seen from Table A-2. 
 
Table A-2: Synthesis parameters for green-emitting InP cores 
λEm [nm] TInjection [°C] n(Zn) [mmol] 
536 300 0.06 
515 320 0.09 
555 295 0.03 
 
Blue-emitting InP/ZnS cores were prepared according to green-emitting ones, solely the 
composition of precursors was changed to In(OAc)3 (35 mg, 0.12 mmol), Zn(OAc)2·2H2O 
(17.0 mg, 0.08 mmol) and palmitic acid (94.2 mg, 0.36 mmol) in 8 ml ODE as the cation 
source provided in the flask and (TMS)3P (17.4µl, 0.06 mmol), DDT (30 µl, 0.12 mmol) and 
1 ml ODE in a 2 ml glass syringe for the anion injection solution. 
Red-emitting InP cores were produced with a seeded-growth approach. The seeds were 
synthesised according to green-emitting ones with slight modifications, i.e. the cation 
precursor composition being In(OAc)3 (35 mg, 0.12 mmol), Zn(OAc)2·2H2O (7.0 mg, 
0.03 mmol) and palmitic acid (94.2 mg, 0.36 mmol) in 8 ml ODE as well as a slightly reduced 
injection temperature of 295 °C. For the seeded-growth approach, a cation and an anion 
injection solution were simultaneously slowly injected to the seed solution after a growth 
time of 1 h using two separately 6 ml syringes. The solutions were injected within 1 h at 
230 °C. For corresponding volumes see Table A-3. The injection solutions were prepared on 
the beforehand. For the cation solution, In(OAc)3 (210 mg, 0.72 mmol), Zn(OAc)2·2H2O 
(96 mg, 0.36 mmol) and palmitic acid (570 mg, 2.16 mmol) were dissolved in 12 ml ODE in a 
25 ml three-neck round-bottom flask and heated to 200 °C, then cooled to 115 °C and three 
times  
 
Table A-3: Synthesis parameters for red-emitting InP seeded-growth cores 
 λEm [nm] TInjection [°C] n(Zn) [mmol] 
Seeds 556 295 0.03 
 λEm [nm] In:Zn:P V(growth solution) [ml] 
Seeded-growth 567 2:1:1 each 0.5 
 606 2:1:1 each 2.0 
 618 2:1:1 each 2.6 
 637 2:1:1 each 3.4 
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alternately evacuated and flushed with inert gas and kept at that temperature for 3 h. The 
mixture is then heated to 260 °C for 10 min followed by another 2 h at 115 °C. The likewise 
produced 0.06M (referring to In) solution was stored in the glovebox. For the anion 
injection solution, (TMS)3P (139.2µl, 0.48 mmol) were diluted in 16 ml ODE in order to gain a 
0.03M solution. The solution was kept in the glovebox as well. 
GaP shell formation: GaP shells were applied using a cation exchange technique. GaCl3 
(18.6 mg, 0.11 mmol) and OA (94.5 µl, 0.3 mmol) were mixed in 3 ml ODE in the glovebox and 
stirred at 100 °C overnight to form a clear, slightly yellow 0.1 M gallium oleate solution. After 
growth time of the InP cores, 1 ml of the Ga-precursor is added dropwise to the reaction 
mixture at 200 °C. The cation exchange is fast and is supposed to be completed 5 min after 
entire Ga addition.  
ZnS shell coating: The final ZnS shell was formed using zinc oleate and DDT. A 0.1M zinc 
oleate solution was prepared by mixing ZnO (64.8 mg, 0.8 mmol) and OA (2.5 ml, 7.95 mmol) 
in 5.5 ml ODE at 230 °C under stirring and inert atmosphere. After approximately 18 h, the 
zinc oleate complex formation is completed. Using a 2 ml glass syringe, 0.5 ml of the  
precursor solution are slowly added to the reaction mixture at 200 °C, followed by stirring 
for 2 h. Thereafter, DDT is added dropwise to the reaction mixture at 230 °C. The amount of 
DDT was depending on the QD core size. The volumes given in Table A-4 were therefore 
mixed with 0.6 ml ODE on the beforehand. After another 2 h of reaction time, the mixture 
was quenched using a cold water bath. 
 
Table A-4: DDT amount for ZnS shell coating for the three different core species 
cores DDT amount λEm-core [nm] λEm-core/shell/shell [nm] 
blue-emitting 80 µl (0.35 mmol) 500 505 
green-emitting 110 µl (0.43 mmol) 530-550 540-556 
red-emitting 117 µl (0.50 mmol) 570-640 575-655 
A.2.4 Synthesis of CdTe QDs 
Hydrophilic thiol capped CdTe QDs were prepared according to the literature.4 In brief, in 
a typical synthesis, Cd(ClO4)2·6H2O (2.305 g, 5.5 mmol) is dissolved in 250 ml of water in a 
three-neck round-bottom flask. Following this, MPA (0.7580 g, 7.1 mmol) is added under 
stirring and the pH is adjusted to 12 with 1M NaOH solution.  
The necks of the flask are sealed with septums and valves and the apparatus is deaerated 
with argon for 1 h. Under vigorous stirring, H2Te gas is slowly passed through the solution 
together with the argon flow. H2Te gas is produced by reacting Al2Te3 (0.4 g, 0.9 mmol) with 
10 ml of 0.5M H2SO4. CdTe precursors formed at this stage are further reacted to nano-
crystals by refluxing at 100 °C under open-air conditions with a condenser attached. The 
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growth is monitored by optical spectroscopy. When the desired emission wavelength is 
reached, the reaction is terminated by fast cooling to room temperature. 
The concentration of the CdTe QDs is derived by the 1s-1s transition maximum.5 
A.2.5 Silica Coating of Hydrophobic QDs  
The silica encapsulation procedure was adopted from literature.6 In detail, in a 500 mL 
round-bottom flask, 2.4 mL of IGEPAL® CO-520 were added to 40 mL of anhydrous cyclo-
hexane, followed by vigorous stirring for 15 min. Meanwhile, organically capped QDs 
(2∙10-9 mol) were precipitated by adding 1 mL of acetone and centrifugation at 4000 RPM for 
3 min. The precipitate was dissolved in 1 mL of cyclohexane and then added to the stirred 
IGEPAL solution. After 15 min of stirring, TEOS was added. In order to obtain 20 nm sized 
silica particles, 15 µl of TEOS were used. Higher amounts of TEOS resulted in larger particles. 
Finally, after 30 min of stirring, 280 µL of ammonium hydroxide (28% in water) were slowly 
added and the mixture stirred for 48 h at RT in the sealed flask. Purification was done by 
mixing with 50 mL of ethanol and centrifugation at 5100 RPM for 30 min at 10 °C. The 
supernatant was discarded and the process repeated twice from pure ethanol. 
 
 
Figure A-1:  FTIR spectra of CdSe/CdS QDs exposed to TEOS for 24 h. The 
characteristic vibration bands of the long-chained hydrophobic ligands, i.e. 
oleic acid, are replaced by vibration bands of hydrolysed TEOS. 
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The particles were then redispersed in 1 ml of 4 mM NaOH aqueous solution. The solution 
was sonicated for 1 min and centrifuged at 2500 rpm for 3 min in order to remove any 
aggregates. The supernatant containing QDs encapsulated by silica shells was stored at 4 °C. 
 
 
Figure A-2: TEM image of silica coating CdSe/CdS with 10µl TEOS. Non-uniform 
particles are formed. 
 
Figure A-3: TEM image of silica coating CdSe/CdS with 15 µl TEOS. 
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Figure A-4:  TEM image of silica coating CdSe/CdS with 30 µl TEOS. 
 
Figure A-5:  TEM image of silica coating CdSe/CdS with 60 µl TEOS. 
 
Figure A-6:  TEM image of silica coating CdSe/CdS with 90 µl TEOS. 
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Figure A-7:  TEM image of silica coating CdSe/CdS with 120 µl TEOS. 
 
Figure A-8: TEM images of different batches of silica coated In(Zn)P/GaP/ZnS. The 
lack in uniformity and reproducibility becomes apparent. 
A.2.6 Silica Coating of Hydrophilic QDs 
Silica coating of hydrophilic CdTe QDs was done using a reversed microemulsion method 
reported from Gao.7 The microemulsion is formed by mixing 7.5 ml cyclohexane, 1.77 ml 
TritonTM X-100, 1.8 ml n-hexanol, 500 µl CdTe solution and 240 µl ammonium hydroxide 
solution. After 30 min of stirring, 100µl TEOS is added slowly under vigorous stirring. The 
flask is then sealed and the mixture is kept stirring for three days in the dark.     
The reaction is terminated by the addition of acetone, followed by centrifugation. The 
resulting precipitate containing the composite particles is sequentially washed with butanol, 
i-propanol, ethanol and water. To ensure complete dispersion in the corresponding solvent, 
the samples were sonicated for a few seconds at each washing step. Aqueous dispersions of 
the silica-CdTe composites particles were finally obtained by dissolving the precipitate in 
pure water. 
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A.2.7 Concentration Silica QDs 
A postsynthetic cleaning procedure is an obligatory step after the microemulsion based 
silica coating process in order to remove the detergent, unreacted reactant species or non-
coated QDs. Therefore, a certain loss of QDs during this procedure is inevitable. However, 
the exact particle concentration of the resulting silica-QD solution is unknown and its 
determination is not trivial, though it is necessary for the preparation of mixed silica-QD/Au 
NP gels with distinct molar ratio. 
The quantification of the washing losses is a possibility to draw conclusions about the final 
concentration in the colloidal solution. This was done for the silica-QD sample used for the 
refined measurement series of mixed silica-QD/Au NPs. For this purpose, the absorption 
spectrum of the washing solution is measured and compared to the absorption of a ref-
erence with known particle concentration, in this case 5·10-6M, respectively 1.67·10-8M after 
dilution in the cuvette (10 µl in 3 ml). From the absorption spectrum in the range of 500 to 
700 nm, a correction factor k is determined as the arithmetic average of the quotients of 
washing solution absorption Ai(wash.) and reference absorption Ai(ref.) at the wavelength i: 
 
𝑘 =
1
𝑛
∑
𝐴𝑖(𝑤𝑎𝑠ℎ. )
𝐴𝑖(𝑟𝑒𝑓. )
𝑖
 (A.1) 
 
For the sample used, the factor was determined to be k = 0.441854. The QD concentration 
in the washing solution can subsequently be calculated by: 
 
𝑐𝑤𝑎𝑠ℎ𝑖𝑛𝑔 = 𝑘 ∙ 𝑐𝑟𝑒𝑓.,𝑐𝑢𝑣𝑒𝑡𝑡𝑒 (A.2) 
and accounted 7.3610-9M. Finally, the molar amount of QDs in 70 ml (Vwash.) of washing 
solution is calculated and subtracted from the initial molar amount of 2 nmol. 
 
𝑛𝑒𝑓𝑓. = 𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑐𝑟𝑒𝑓.,𝑐𝑢𝑣𝑒𝑡𝑡𝑒 ∙ 𝑉𝑤𝑎𝑠ℎ. (A.3) 
 
The effective molar amount of QDs in the resulting colloidal solution was consequently 
5.15-10M. Considering the sample volume of 1 ml, this corresponds to an effective particle 
concentration of 0.74 nmol/ml instead of 1 nmol/ml. 
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A.3 Synthesis of Au nanoparticles of Different Sizes and 
Shapes 
A.3.1 Synthesis of Small Spherical Au NPs 
The synthesis of small spherical Au NPs was done according to the procedure described by 
Frens et al.8 Sodium citrate is used as reducing agent and simultaneously acts as stabiliser 
for the NPs. The amount of citrate used in the synthesis determines the size of the 
crystallites formed. 
In brief, in a 100 ml Erlenmeyer flask, 3.5 ml of a 1% sodium citrate solution (1g in 100 ml 
water) in 46.5 ml Milli-Q water are heated to boiling under stirring. The flask is covered with 
a watch glass. After 15 minutes, 87.6µl of a 0.1M HAuCl4 solution is quickly injected under 
vigorous stirring. The solution is further stirred for 15 minutes until the solution turns 
strawberry red. Au NPs synthesised this way should have a diameter of approximately 
10 nm and a plasmon resonance band at around 520 nm.  
A.3.2 Synthesis of Large Spherical Au NPs 
Larger spherical Au NPs were prepared using the seeded-growth approach from Ziegler et 
al.9 wherein gold seeds produced after Frens8 are grown larger using continuously added 
ascorbic acid as reductant and sodium citrate as stabiliser.  
1ml of Au seed solution is diluted with 19 ml Milli-Q water and mixed with 20µl 1M sodium 
chloride solution. Subsequently, the two following solutions are slowly (within 30 minutes) 
added via two separate flexible tubes while stirring: (i) 10 ml of a 1mM HAuCL4  as the 
precursor solution and (ii) the reduction solution composed of 1 ml 1% ascorbic acid 
solution, 0.5 ml 1% sodium citrate in 8.5 ml Milli-Q water. After complete addition, the 
reaction mixture is stirred for another 30 minutes under reflux.  
The Au seeds used here had a mean diameter of 11 nm and were prepared by mixing 1ml of 
1% sodium citrate solution with 333 µl 25mM HAuCL4 followed by fast injection into 50 ml of 
boiling water under vigorous stirring. 
A.3.3 Synthesis of Au Nanorods 
The synthesis of Au NRs was adopted from the literature.10 Firstly, a seed solution is 
prepared which is used in a second step to grow nanorods. 
For the preparation of Au seeds, 5 ml of a 0.2M CTAB solution is provided in a three-neck 
round-bottom flask and 25µl of 0.1M HAuCL4 in 4.975 ml Milli-Q water are added at room 
temperature. Following this, a cold diluted NaBH4 solution is added under vigorous stirring. 
The NaBH4 solution was prepared by diluting 0.6 ml of freshly prepared 0.01M solution with 
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1 ml ice-cold water. A colour change from yellow to brown indicates the successful 
nucleation. After two minutes, the stirring is stopped and the reaction mixture is left for 30 
minutes. 
For the growth of NRs, 9 g CTAB and 0.8 g sodium salicylate are dissolved in 250 ml Milli-Q 
water in a 500 ml round-bottom flask at 60 °C. Following this, 6 ml of a 4.4 mM AgNO3 
solution are injected and the mixture is left for 15 min. In a second flask, 247.5 ml Milli-Q 
water and 2.5 ml 0.1 M HAuCL4 are mixed and heated 60 °C. The mixture is added to the first 
flask and then stirred for 15 minutes. Finally, 1 ml of a 0.0064 M ascorbic acid solution and 
0.8 ml of the Au seed solution are added and stirred for 30 seconds. The reaction mixture is 
than left for 18 hours at 60 °C to allow the nanorod growth.  
A.4 Synthesis of Tetrazole Ligands 
A.4.1 Synthesis of 5-Mercaptoethyltetrazole (METz) 
The synthesis strategy of METz was adopted from Fu rmeier et al.11 Thereby, 3,3’-dithiobis-
(propionitrile) is reacted with sodium azide (NaN3) in the presence of triethylamine hydro-
chloride (NEt3HCl) to 2,2’ dithiobis(1H-tetrazole-5-yl-ethane) in the first step, followed by 
splitting of the thiol with sodium tetrahydroborate in the second step. 
In detail, 10.0 g (58.0 mmol) 3,3’-dithiobis(propionitrile), 11.26 g (172.2 mmol) NaN3 and 
23.33 g (169.5 mmol) NEt3HCl are dissolved in 300 ml of toluene in a 1 l three-neck round-
bottom flask and then heated to boiling. The mixture is kept boiling under reflux for 48 h 
and then quenched with 300 ml Milli-Q water. The two phases are separated using a 
separation funnel and the organic phase is another few times extracted with water 
(3 x 175 ml). Following this, the combined aqueous phase is first filtrated and then adjusted 
to pH 1 with hydrochloric acid. The precipitate, a brownish powder of 2,2’ dithiobis(1H-
tetrazole-5-yl-ethane), is collected by filtration and dried under air. 
In a 250 ml three-neck round-bottom flask, 2.0 g (7.7 mmol) of the thusly prepared dithiol 
and 2.6 g (10 mmol) triphenylphosphine are dissolved in a mixture of 40 ml methanol and 
5 ml water and boiled under reflux for 3 h. Following this, the mixture is cooled to room 
temperature, mixed with 200 ml of water and then adjusted to pH 9 with 1 M sodium 
hydroxide solution. The mixture is kept resting for 2 h in order to let precipitation occur. 
The sediment is separated and discarded. The filtrate is adjusted to pH 1 with hydrochloric 
acid followed by solvent evaporation until dry using a rotary evaporator. The resulting solid 
is redispersed in 40 ml chloroform under slight heating. Residual solid NaCl is removed by 
filtration. Finally, toluene is added (chloroform/toluene v:v= 3:1). Cooling or solvent 
evaporation leads to formation of the white crystalline solid 5-mercaptoethyltetrazole. 
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A.4.2 Synthesis of 5-(3-(Trimethoxysilyl)propylaminomethyl)tetrazole 
5-(3-(Trimethoxysilyl)propylaminomethyl)tetrazole [(MeO)3Si-(CH2)3-NH-CH2-CN4H] was 
prepared by coupling (3-aminopropyl)trimethoxysilane (APTMS) to 5-chloromethyl-
tetrazole (Cl-CH2-CN4H). Initial Cl-CH2-CN4H was prepared according to the literature.12 
Anhydrous aluminium chloride (0.44 mol) was dissolved under stirring and cooling in 
350 ml of anhydrous THF. Following this, sodium azide (1.20 mol) was added in small 
portions and the resulted mixture was heated to 55-60 °C for 2 h. After cooling to room 
temperature, chloroacetonitrile (0.43 mol) was added in portions and the reaction mixture 
was refluxed for 24 h under stirring. Furthermore, the mixture cooled to room temperature 
was poured into hydrochloric acid (15%, 250 ml). Caution! The operation should be carried 
out in a well-ventilated hood while excess of azide salt generates toxic hydrazoic acid. 
Finally, the solvent was evaporated at the rotary evaporator and the residue was 
recrystallised from diethyl ether chloroform (1:4) yielding 5-chloromethyltetrazole as white 
crystals. For coupling of the tetrazole ligand to the silane, Cl-CH2-CN4H (0.004 mol), APTMS 
(0.004 mol), triethylamine (0.004 mol) and anhydrous THF (10 mL) were placed in a 50 mL 
three-neck round-bottom flask and flushed with inert gas for 15 min while stirring. 
Following this, the mixture was heated until boiling (60 to 70 °C) and kept stirring at that 
temperature under reflux for 6 h. Precipitate of triethylammonium hydrochloride formed 
was removed by filtration. The filtrate was then constrained until dryness on the rotary 
evaporator, resulting in a target tetrazole (MeO)3Si-(CH2)3-NH-CH2-CN4 as a white solid. 
 
 
Figure A-9: 1H-NMR of APTMS 
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Figure A-10: 13C-NMR of APTMS 
 
 
Figure A-11: 1H-NMR of TMSPAMTz 
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Figure A-12: 13C-NMR of TMSPAMTz 
A.5 Surface Modification 
A.5.1 Surface Functionalisation of Silica-QDs with Alkoxysilanes 
The surface of silica-QDs can easily be modifies using alkoxysilane ligands. In the slightly 
alkaline aqueous medium, which ensures the colloidal stability of the particles, hydroxyl and 
siloxane groups on the surface are deprotonated. This allows the condensation reaction 
between the surface groups and the silane groups of the ligand to take place immediately 
without the need of a catalyst.  
In a typical functionalisation procedure, an appropriate amount of alkoxysilane, e.g. 
APTMS, MPTMS, ClPTMS or CPTES, is added to the aqueous silica-QD solution while stirring 
and left over night. The amount of silane ligand was calculated to theoretically form a 
monolayer on the silica particles based on the particle size estimated from TEM and 
assuming a required space of one silane molecule of 0.4 nm2.13 After functionalisation, the 
spheres were precipitated by centrifugation at 14500 rpm for 2 minutes and then 
redispersed in the desired solvent.  
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A.5.2 Tetrazole Capping of Silica-QDs 
Tetrazole capping of silica-QDs was performed as following. A spatula tip of solid 
(MeO)3Si-(CH2)3-NH-CH2-CN4H was dissolved in 200 µl of aqueous silica-QD solution. Under 
this condition, the ligand will immediately grow onto the silica surface resulting in 
flocculation. The addition of a few drops of 1 M NaOH led to a clear stable solution since 
tetrazole rings were deprotonated allowing charge stabilisation of the silica particles. 
A.5.3 Tetrazole Capping of Au NPs and NRs 
Tetrazole capping of Au NPs was performed by ion exchange of the initial citrate ligand 
with METz. Therefore, the gold colloid is mixed with a METz solution containing 10.2 mg 
METz in 1 ml 0.1M NaOH. The Au/Tz ratio is adjusted to around 1/3. To ensure complete 
ligand exchange, the solution is stirred overnight. After this, the colloid can easily be 
concentrated by solvent evaporation or with the aid of centrifugation filters. In this work, 
latter technique was applied using polystyrene centrifuge filters (Sartorius, Vivaspin, 20 ml, 
MWCO 30000). 20 ml of Au NP solution is filled into the centrifuge filters and then 
centrifuged for 3 minutes at 4500 rpm in order to reduce the volume to around 5 ml. The 
supernatant is refilled with Au NP solution and the process is repeated until the entire 
colloidal solution is concentrated. Following this, the solution is washed twice with water in 
order to remove residual stabiliser and other impurities and then reconcentrated using the 
centrifuge filters to the final volume of 10 ml.    
Tetrazole capping of Au NRs was done analogously, although a prior purification step was 
required in this case. Before METz addition, the Au NR dispersion was centrifuged for 99 
minutes at 6000 rpm and then the precipitate was redispersed in fresh water. An increase of 
the Au NR concentration was not necessary and was thus not performed. 
A.5.4 Tetrazole Functionalisation of Substrates 
Tetrazole Functionalisation of substrates is done in a two-step procedure, i.e. the growth 
of a silane ligand with cyano function onto the surface followed by a cycloaddition reaction 
with sodium azide for tetrazole ring formation.  
On the beforehand, the substrates, glass or ITO, are wiped with ethanol and are then 
sonicated in an alkaline detergent solution (10vol% Extran® MA01 Merck) for 15 min for 
hydrophilisation of the surface. After another 15 min sonication in Milli-Q water to remove 
detergent residues, the substrates are ready for usage. 
For the attachment of the cyano functionality, a cleaned substrate is placed in a flat-
bottom flask containing 12 ml of toluene. Then, 206 µl (3-cyanopropyl)triethoxysilane 
(CPTES) are added and the flask is sealed and shaken overnight. Subsequently, the substrate 
is removed from the solution, rinsed with ethanol, blow-dried and placed in another flask 
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containing sodium azide (167.7 mg, 3 eq.) and triethylamine hydrochloride (343.3 mg, 2.9 
eq.) at 70 °C overnight. Finally, the substrate is rinsed thoroughly with ethanol and water.  
A.6 Preparation of Hydrogels and Aerogels 
A.6.1 Hydrogels and Aerogels from Tetrazole Capped Silica-QDs 
Hydrogels were obtained by the stepwise addition of Zn(OAc)2 aqueous solution (10-2 M) to 
the tetrazole capped silica-QD colloidal solution up to complete gelation of the 
nanoparticles. The hydrogels were redissolved into their colloidal form by the addition of an 
aliquot of 10-2 M ethylenediaminetetraacetic acid (EDTA) aqueous solution (adjusted to pH 
12 by the addition of 1 M NaOH) equal to the Zn2+ concentration in the gelated sample. The 
gelation process has been monitored directly in a quartz cuvette with a light path of 10 mm 
by the stepwise addition of Zn(OAc)2 solution into the diluted silica-QD colloid with 
subsequent measurement of the absorbance, PL and PL lifetime. 
A critical point dryer (13200J-AB from Spi Supplies) was used for supercritical CO2 drying 
to prevent the fine nanostructures from collapsing and to obtain self-supporting aerogel 
monoliths. This drying technique was described previously.12 In brief, acetone was added in 
small portions to the hydrogel and the resulting water/acetone mixture was removed a few 
times to assure that most of the water was exchanged with acetone. Subsequently, the 
sample was placed in a vacuum desiccator with 100% acetone containing some anhydrous 
CaCl2. The desiccator was evacuated until the acetone boils, sealed under low pressure and 
left at these conditions for ca. 20 h. The procedure provides a very efficient but yet gentle 
exchange of the remaining water with acetone. 
 
 
Figure A-13: Emission spectra of silica coated CdSe/CdS QDs during transition from 
colloidal solution to aerogel. 
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Figure A-14: Absorption spectra of silica coated CdSe/CdS QDs as colloidal solution 
and hydrogel recorded using an integrating sphere setup. The 
absorption does not change upon gel formation 
 
A.6.2 Mixed Hydrogels from Differently Emitting Silica-QD Species 
For the preparation of mixed gels from differently emitting silica QDs, the colloidal 
solutions of the different species were mixed according to the volume ratios given in Table 
A-5 and then transformed into hydrogels according to the previous chapter A.6.1. It should 
be noted that besides the volume ratio, the PL intensity ratio of the species is also important 
for the emission colour of the mixed colloidal solution or gel. In the case of the here used 
samples, the PL intensities after tetrazole functionalisation were approximately the same. 
 
Table A-5: Volume ratios for mixed hydrogels from the differently emitting QD 
species QD1 and QD2 
sample AQD1:AQD2* Volume of water [µl] Volume of QD1 [µl] Volume of QD2 [µl] 
QD1 1:0 450 50 - 
Mix1 1:0.181 437.5 50 12.5 
Mix2 1:0.387 425 50 25 
Mix3 1:0.778 450 25 25 
QD2 0:1 450 - 50 
*A is the peak area of the PL emission and is proportional to the PL intensity. 
 
400 450 500 550 600 650 700 750
0.0
0.2
0.4
0.6
0.8
1.0
A
b
s
o
rp
ti
o
n
 n
o
rm
a
liz
e
d
Wavelength (nm)
 silica-QD solution
 silica-QD gel
  
Appendix 
 
 
135 
 
A.6.3 Mixed Hydrogels from Au NPs and Silica-QDs 
Mixed gels from silica-QDs and Au NPs were prepared after the previously described 
tetrazole functionalisation of both species (see chapter A.5.2 and A.5.3). CdSe/CdS/silica was 
used as silica-QD species.  
The colloidal solutions of tetrazole capped CdSe/CdS/silica QDs and Au NPs respectively 
NRs were mixed in different ratios and then transformed into gels using zinc acetate. In 
detail, 250 µl of the silica-QDs were diluted with 750 µl MilliQ water. For weakly emitting 
silica-QDs, the concentration was doubled. Subsequently, smaller portions of this diluted 
silica-QD dispersion were mixed with Au NPs/NRs according to the amounts given in Table 
A-6 to Table A-8. Gelation of the samples was induced by the adding 25 µl 0.1 M zinc acetate 
solution respectively 50 µl for the weakly emitting samples with doubled QD concentration.  
For the mixed silica-QD/Au NP gels, an overview measurement was performed firstly in 
order to approximately estimate the optimal mixing ratio (see Table A-6). A more detailed 
investigation was done in the subsequent refined measurement series (see Table A-7).  In 
the case of mixed silica-QD/Au NR gels, solely an overview measurement was performed 
(see Table A-8). Since severe preparative difficulties were noticed (see Figure A-15), a 
refined measurement would not have been reasonable. 
Optical spectroscopy, i.e. absorption, fluorescence spectroscopy as well as time resolved 
fluorescence measurement, was used to characterise the mixed silica-QD/Au NP/NR 
solutions and hydrogels. 
 
 
Figure A-15: Mixed Au NR/silica-QD gels. PL intensity of Au NR/silica-QD mixtures with 
different Au-content in colloidal solution and hydrogel 
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Table A-6: Molar content of Au in mixed silica-QD/Au NP gels in the orientation 
measurement series. 
Au content [mol%] Volume of QD solution [µl] Volume of Au NP solution [µl] 
0 100 0 
0.01 100 0.0197*a 
0.1 100 0.197*b 
1 100 1.97 
10 100 19.66 
*suitable dilution of the Au NP solution was necessary (1:100a and 1:10b) 
 
Table A-7: Molar content of Au in mixed silica-QD/Au NP gels in the refined 
measurement series. 
Au content [mol%] Volume of QD solution [µl] Volume of Au NP solution [µl] 
0 50 0 
0.1 50 0.0735*a 
0.5 50 0.368*b 
0.75 50 0.551*b 
1 50 0.735*b 
1.25 50 0.919*b 
2 50 1.47 
*suitable dilution of the Au NP solution was necessary (1:100a and 1:10b) 
 
Table A-8: Molar content of Au in mixed silica-QD/Au NR gels 
Au content [ppb] Volume of QD solution [µl] Volume of Au NR solution [µl] 
0 50 0 
3 50 0.5 
6 50 1 
13 50 2 
19 50 3 
31 50 5 
63 50 10 
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A.7 Preparation of Thin Films 
A.7.1 Preparation of Xerogel Films 
Xerogel films were prepared by drop-casting of hydrogels onto a substrate. The substrate 
was wiped with ethanol or i-propanol before usage. Then, 15 µl of silica-QD hydrogel (see 
chapter A.6.1) were slowly dropped onto the substrate followed by drying under ambient 
conditions. 
If the fluorescence of the samples was supposed to be measured, the xerogels were 
directly prepared on quartz slides, i.e. the cover slides of the Spectralon®-holders for solid 
samples of the integrating sphere setup. 
For the sensing experiments, 1 µl of the analyte solution was dropped onto the hydrogel 
followed by drying under ambient addition.   
A.7.2 Layer-by-Layer Assembly on Tetrazole Functionalised Substrates 
Layer-by-Layer assembly was done by alternately dipping a tetrazole functionalised 
substrate (see chapter A.5.4.) into 0.01 M zinc acetate solution and a dispersion of Tetrazole 
capped NPs, e.g. Au@METz. For deprotonating of the initial tetrazole layer on the substrate 
surface, the glass slide was prior immersed for 10 min in a 0.01 M NaOH solution. 
In order to ensure a high reproducibility, a dipping roboter (DR-0, Riegler & Kirstein) was 
used. The dipping parameters are given in Table A-9. After every dipping step, a washing 
step with Milli-Q water was implemented to wash off loosely bound molecules. The whole 
dipping procedure for the deposition of 100 NP layers was as follows: 
 
𝑎 + 𝑑 + (𝑏 + 𝑑 + 𝑐 + 𝑑) ∙ 100 (A.4) 
 
Table A-9: Dipping parameters 
Process Substance Speed down [cm/s] Speed up [cm/s] Break top [s] Break bottom [s] 
a NaOH 0.1 0.05 10 600 
b Zn2+ 0.1 0.05 10 180 
c NPs 0.1 0.05 10 300 
d H2O 0.1 0.05 10 180 
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A.8 Incorporation of QDs into Salt Matrices 
A.8.1 Phase Transfer with MPA 
An aqueous solution of MPA is freshly prepared by dissolving 10 µl MPA in 2 ml Milli Q 
water. The pH is adjusted to 11 -11.5 with 1 M NaOH solution and the mixture is heated for a 
few seconds to 70 °C. In the meantime, 0.6 ml as-synthesised In(Zn)P/GaP/ZnS QDs are 
washed twice with a 10:1 v/v acetone/methanol mixture and centrifuged for 4 minutes with 
14500 rpm and are then redispersed in 2 ml of chloroform. 
The organic and aqueous phases are combined and stirred for 48 h at 50 °C. After this, the 
phases are separated. The organic phase is discarded and the aqueous phase containing the 
QDs is stored under ambient conditions.  
A.8.2 Incorporation into NaCl 
A.8.2.1 LLDC 
The incorporation of QDs into NaCl was done according to the literature.14 400 µl of the 
phase transferred aqueous QD solution are mixed with 1 ml of saturated NaCl solution. In a 
10 ml vial, 5 ml of methanol are provided. The salt solution is then slowly injected under the 
methanol phase. After 24 h, salt crystals with embedded QDs have formed. Finally, the 
crystals are removed from the solvent, washed with methanol and then air-dried.   
A.8.2.2 Modified LLDC 
In order to increase to amount of incorporated QDs in the mixed salt crystals, the LLDC 
method was modified as follows. Solid NaCl is stepwise added in small portions to 1.5 ml of 
the phase transferred aqueous QD solution until saturation. In a 10 ml vial, 5 ml of methanol 
are provided. 1.2 ml of the salt solution is then slowly injected under the methanol phase. 
After 24 h, salt crystals with embedded QDs have formed. Finally, the crystals are removed 
from the solvent, washed with methanol and then air-dried.   
 
A.8.2.3 Co-Crystallisation 
The slow co-crystallisation method was done according to the literature.15 0.75 ml of the 
transferred aqueous QD solution is added to 2 ml of saturated NaCl solution in a 10 ml 
beaker, which is placed in an oven at 30 °C. After approximately one week, salt crystals with 
embedded QDs have formed. The resulting crystals are washed with methanol and then air-
dried.   
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A.8.3 Incorporation into Borax 
The incorporation of QDs into Borax was done using the slow co-crystallisation method. 
0.75 ml of the transferred aqueous QD solution is added to 5 ml of saturated Borax solution 
in a 10 ml beaker, which is placed in an oven at 30 °C. After approximately one week, salt 
crystals with embedded QDs have formed. The resulting crystals are washed with methanol 
and then air-dried. 
A.9 In Vivo Investigations 
These investigations were carried out in the Bioanalytic Department of the TU Dresden by 
Dr. Anne Jantschke.  
For the in vivo investigations on the uptake of silica by diatoms, artificial sea water (ASW) 
and fresh water (DM)16 media were used. For the investigations on the uptake of silica-QDs, 
corresponding media without sodium metasilicate were used. An equivalent Si 
concentration of 100 µM was adjusted by addition of an appropriate amount of silica-QDs. 
The Si concentration was calculated from the initially applied TEOS amount for the silica 
shell coating assuming complete turnover. 
Experiments were carried out in sterilised spot plates (24 Well, Polystyrene, BD Bio-
sciences). Due to the low sample volumes (1-2 ml) it is possible to simultaneously prepare a 
set of samples with variable parameters such as silica-QD concentration, pH or diatom 
species. The spot plates are filled with the feed media under sterile conditions and the 
desired amount of silica-QDs is added. The NPs are sterilised with a sterile syringe filter 
(0.2 µm, Kleenpak KA2DFLP2, Pall). The solutions are finally inoculated with the diatom 
cultures, then sealed air-tight and stored in an illuminated heating chamber (type 1301, 
RUMED). Monitoring of the sealed cultures can be done with a fluorescence microscope. 
Larger scaled cultures were prepared for the monitoring of the silicate concentration over 
time. The detection of the mono- and disilicic acid species is done with the molybdenum 
blue method according to Iler.17 After a prior calibration measurement series with sodium 
metasilicate solutions (0, 10, 20, 40, 60 and 100 µM), the concentration can be calculated 
from the extinction at 810 nm.    
A.10 Characterisation 
A.10.1 Optical Spectroscopy 
UV-/Vis absorption spectra were acquired using a Cary 50 spectrophotometer (Varian 
Inc.) and a Cary 5000 spectrophotometer (Varian Inc.) with integrating sphere. The spectra 
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were corrected with a baseline of the corresponding pure solvent. PL measurements were 
recorded using a FluoroMax-4 spectrofluorimeter (HORIBA Jobin Yvon Inc.). PL lifetime 
measurements were performed on a Fluorolog-3 spectrofluorimeter (HORIBA Jobin Yvon 
Inc.) equipped with a 200 ps pulsed LED diode emitting at 403 nm and a TCSPC module. All 
measurements were performed at room temperature in cuvettes made from SUPRASIL® 
quartz glass. PL QY of colloidal solutions was determined in reference to rhodamine 6g and 
rhodamine 101 in ethanol assuming their PL QY of 91% and 91.5%.18 For scattering silica-QD 
samples, absolute PL QY were measured using a Fluorolog-3 spectrofluorimeter (HORIBA 
Jobin Yvon Inc.) equipped with a Quanta-ϕ integrating sphere. A pure silica colloidal 
solution or gel was used as the blank. Xerogel films were measured using the Spectralon® 
holders for solid samples, whereby the gel was directly deposited onto the cover glass slides 
of the sample holders.  
A.10.2 Microscopy  
Transmission electron microscopy (TEM) imaging of semiconductor QDs, Au NPs and silica 
coated QDs as well as their gels was done on a LIBRA200 or a LIBRA120 microscope (Carl 
Zeiss AG) operating at 200 kV or 120 kV respectively. Au NR samples were measured using a 
TECNAI T20 microscope (FEI) with 200 kV acceleration voltage. On the beforehand, the 
samples were prepared by dropping diluted nanoparticle solutions onto a Formvar/carbon 
coated 200 mesh copper grid and subsequent solvent evaporation. In the case of hydrogels, 
the sample was sonicated a few seconds before drop-casting. For samples that required for 
higher contrast, graphene oxide grids (graphene oxide holey/lacey carbon on hexagonal 300 
mesh copper) were used.  
Scanning electron microscopy (SEM) was performed on a Zeiss DSM 982 Gemini instrument 
equipped with a thermal field emission cathode. The samples for SEM characterisation were 
prepared by dropping diluted aerogel dispersions in acetone onto silicon slides and 
subsequent solvent evaporation. Glass slides coated with the LbL technique were cut and 
attached on a standard 12.7 mm pin stub with a carbon adhesive disc with the sliced edge 
oriented along the specimen holder edge to allow observation from an angle of 90°. The 
sample was sputtered with a thin layer of gold to increase the electrical conductivity and 
thus avoid charging effects. 
Fluorescence microscopy during in vivo investigations of diatom cultures were performed 
on a Keyence BZ-8000 K equipped with an extra-long working distance (ELWD) objective as 
well as an OP-66834 BZ DAPI-BP fluorescence filter set.  
A.10.3 Specific Surface Area (SSA)  
Nitrogen and carbon dioxide physisorption measurements were performed on an 
Autosorp 1C (Quantachrome Instruments) using nitrogen (99.999%) and carbon dioxide 
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(99.7%). The specific surface area (SSA) was calculated using the equation from Brunauer, 
Emmet and Teller (BET) in the relative pressure range of 0.05 – 0.20 p/p0, and the total 
pore volume was determined at 0.99 p/p0. NLDFT was used to obtain the pore size 
distribution. Prior to gas physisorption experiments, the sample was activated at 298 K for 
48 h under vacuum. 
A.10.4 X-ray Diffraction (XRD) 
XRD measurements for overview analysis were carried out using an AXS D2 Phaser 
(Bruker) in Bragg-Brentano geometry. The samples were purified several times and then 
deposited on a silicon single crystal sample holder. The measurement was done using Cu-Kα1 
radiation (λ=0.15405 nm), an operation voltage of 30 kV and current of 10 mA. The resulting 
diffractograms were analysed with the Software DIFFRAC.EVA from Bruker an STOE WIN 
XPOW 1.06. Measurements with higher resolution were carried out using a X’Pert PRO 
diffractometer (PANalytical B.V., Nederlands) designed in focusing Bragg-Brentano 
geometry and supplied with a solid state X’Celerator linear detector. Cu-Kα1 radiation 
monochromatised by a primary Ge (111) monochromator of Johansson type was used. The 
XRD patterns were corrected for Si substrate diffraction contribution using additional 
measurements. 
A.10.5 Fourier Transform Infrared Spectroscopy (FTIR) 
 FTIR spectroscopy was performed using a Nicolet 8700 FTIR spectrometer (Thermo 
Scientific) equipped with an attenuated total reflectance (ATR) crystal (Smart iTR diamond 
plate). Liquid samples were drop-casted directly onto the ATR crystal and were measured 
after solvent evaporation. Solid samples were used as fine powder directly on the ATR 
crystal as well. The sample spectra were average from 100 measurement cycles.     
A.10.6 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
OES) 
ICP-OES was used to determine the concentration of Au NRs. The measurements were 
performed using a iCAP 6500 Duo View device (Thermo Fisher Scientific). For sample 
preparation, 40 µl sample solution were mixed with 200 µl aqua regia (50 µl HNO3 conc. and 
150 µl HCl conc.), 1 ml HCl conc. and then diluted with 18.8 ml water. 
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